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Preface 


The  Air  Force  Avionics  Laboratory  at  Wright-Pat terson  AFB,  Ohio  has 
conducted  and  sponsored  extensive  research  into  the  lasing  properties  of 
Klton  Red  S.  One  of  the  Important  conclusions  of  this  research  was  that 
a  multiplier  effect  was  causing  a  logarithmic  decay  In  pulse  energy  that 
was  associated  with  a  linear  rate  of  KRS  degradation. 

At  this  point  It  seemed  advisable  to  try  to  explain  the  phenomena 
with  a  theoretical  analysis.  My  thesis  modeled  the  KRS  laser  and  derived 
a  method  of  predicting  what  effect  several  degradation  mechanisms  could 
have  on  its  performance.  My  next  step  was  to  try  to  obtain  the  necessary 
information  from  the  wealth  of  data  recorded  by  the  previous  studies  to 
test  the  model  and  then  use  it  to  explain  the  multiplier  effect.  Unfor¬ 
tunately,  the  specific  data  required  to  arrive  at  conclusive  results  was 
not  available,  through  no  lack  of  thoroughness  on  my  predecessors’  part. 
Mos t  of  the  requirements  for  the  analysis  were  not  readily  foreseeable, 
and  are  Included  in  my  reconmenaatlons  for  further  research. 

I  would  like  to  express  my  appreciation  to  Capt.  David  Hardin  for 
his  assistance  in  designing  the  computer  programs,  to  Dr.  Robert 
Schwerzel  of  the  Battelle  Laboratories  in  Columbus  for  his  help  in 
determining  values  for  the  model  parameters,  to  my  thesis  typist  Jill 
Rueger  whose  expertise  and  consideration  were  invaluable,  and  to  my 
thesis  advisor,  Dr.  Ernest  Dorko,  who  blended  the  proper  amounts  of 
assistance  and  supervision  into  an  enjoyable  project. 
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1th  singlet  energy  level 
1th  triplet  energy  level 
1th  energy  level 
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Hof at ion  (continued) 

radiative  phoaphorescence  lifetime 
nonradiative  phosphorescence  lifetime 
cavity  photon  lifetime 

photon  cavity  lifetime  due  to  frontal  mirror  transmission  only 

absorption  coefficient  at  the  lasing  wavelength 

quantum  pump  efficiency 

modified  quantum  pump  efficiency 

pump  absorption  factor 

quantum  efficiency  of  fluorescence 

wavelength  of  a  lasing  photon 

frequency  of  lasing  photon 

frequency  of  pump  photon 

laser  gain  coefficient 

molar  extinction  coefficient 

molar  extinction  coefficient  at  the  pump  wavelengtn 

molar  extinction  coefficient  at  the  lasing  wavelength  of  the  dye 

molar  extinction  coefficient  of  the  reaction  product  at  the 
lasing  wavelength 

ratio  of  the  extinction  coefficient  to  the  S--^ 

extinction  coefficient  at  the  lasing  wavelength 

ratio  of  the  Sq-^Sj  extinction  coefficient  to  the  Tj+Tj 
extinction  coefficient  at  the  lasing  wavelength 

pump  absorption  cross  section  for  the  dye 

pump  absorption  cross  section  for  the  reaction  product 

number  of  pump  photons  absorbed  per  second  by  the  medium 


number  of  pump  photons  transmitted  per  second  in  the  initial 
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T 

L 
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threshold  population  for  lasing 
threshold  pump  power 
power  output  of  a  laser 
pumping  function 

peak  value  of  the  Gaussian  pumping  pulse 

hclf-vidth  at  half-height  of  the  pumping  pulse 

length  of  the  dye  solution  traversed  by  a  photon  during  a 
single  pass  through  the  laser  cavity 

distance  between  mirrors  in  the  laser  cavity 

Index  of  refraction  of  the  dye  solution 

reflectivity  of  the  frontal  cavity  mirror 

reflectivity  of  the  rear  cavity  mirror 

concentration  of  the  dye 
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Abstract 


The  dominant  excitation  and  relaxation  mechanisms  found  in  dye 
molecules  are  discussed  and  are  then  incorporated  into  a  model  for  the 
xanthene  dye  laser.  Rate  equations  for  this  model  are  presented  which 
include  terms  that  account  for  excited  state  singlet  absorption  and 
triplet  absorption.  The  system  of  rate  equations  are  solved  using  the 
weady-state  approximation  to  derive  equations  for  the  threshold  pump 
and  output  power  of  the  laser. 

The  output  power  and  threshold  pump  power  equations  are  modified  to 
include  variables  that  allow  the  following  effects  of  dye  degradation  to 
be  examined:  dye  concentration  reduction,  reaction  product  absorption  of 
pump  radiation,  reaction  product  absorption  of  lasing  radiation,  and 
singlet  quenching  by  the  reaction  products.  Theoretical  values  based  on 
available  experimental  data  are  derived  for  these  variables.  A  computer 
program  is  used  to  integrate  the  output  power  of  the  laser  over  the  dura¬ 
tion  of  a  flash lamp  pulse  to  compute  the  pulse  energy. 

The  computer  program  presented  is  designed  to  determine  how  the 
output  energy  of  the  laser  decreases  over  the  course  of  repeated  pulsing 
as  the  specific  degradation  effects  increase  with  the  increase  in  the 
reaction  product.  The  results  obtained  from  the  theoretical  analysis  are 
compared  to  experimental  data  that  describe  a  logarithmic  decay  of  output 
energy  associated  with  a  linear  decay  in  the  dye  concentration  (the 
multiplier  effect).  Of  those  mechanisms  examined,  the  absorption  of 
lasing  radiation  appears  to  be  the  most  effective  factor  that  could  con¬ 
tribute  to  the  multiplier  effect;  however,  it  cannot  account  for  the 
magnitude  of  the  multiplier  effect  without  considering  additional 
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mechanisms  operating  simultaneously.  Further  experimentation  is  recom¬ 
mended  to  obtain  specific  data  foi  conclusive  identification  of  the 
responsible  mechanism. 


I.  Introduction 


Background 

Dye  lasers  are  being  closely  examined  by  the  Air  Force  for  use  on 
aircraft  as  sources  for  optical  radar  and  other  electro-optical  systems. 
The  laser  trust  operate  in  the  630-670  nanometer  (nm)  region  up  to  three 
hours  without  servicing.  The  xanthene  dye  Klton  Red  S  (KRS)  Is  currently 
under  Investigation  to  determine  if  It  Is  capable  of  meeting  these 
standards . 

The  complex  structure  and  size  of  laser  dyes  make  them  susceptible 
to  photochemical  dissociation  Into  reaction  products.  The  degradation 
and  performance  of  KRS  under  both  continuous  wave  (CW)  and  flashlamp 
pumping  has  been  extensively  Investigated  (Refs  15,  16,  20,  25).  The 
photodissociation  process  has  been  shown  to  be  a  function  of  the  wave¬ 
length  of  the  irradiance.  The  precise  mecha"-fsm  appears  to  be  extremely 
complex  due  to  the  formation  of  transient  reaction  products.  The  exact 
nature  of  the  transient  and  final  reaction  products  has  not  yet  been 
determined  (Ref  33) .  Two  Important  conclusions  have  been  reached  con¬ 
cerning  KRS:  the  number  of  dye  molecules  lost  through  degradation 
Increases  at  a  constant  rate  with  the  number  of  pulses,  and  an  unidenti¬ 
fied  multiplier  effect  Is  operating  that  produces  a  large  decrease  in 
the  pulse  energy  for  a  small  increase  in  the  amount  of  dye  deg?adatlon 
(Ref  25). 

Objective 

The  objective  of  this  study  is  to  perform  a  theoretical  analysis  of 
the  KRS  laser  system  to  explain  the  multiplier  effect.  The  Interactions 
examined  as  possible  causes  are  limited  to  absorption  of  the  lasing 
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radiation  by  a  reaction  product ,  absorption  of  the  pump  radlition,  and 
singlet  quenching  by  a  reaction  product. 

Assumptions 

The  data  on  the  degradation  rate  and  the  pulse  energy  decay  presented 
by  Rabins  et  al.  (Ref  25)  are  assumed  to  be  correct.  The  most  reliable 
method  of  measuring  the  amount  of  degradation  has  been  under  contention 
to  some  extent;  the  method  used  by  Rabins  based  on  the  Infrared  (IR) 
spectra  of  the  dye  solution  appears  to  be  the  most  accurate  technique. 

Approsch  and  Presentation 

The  primary  mechanisms  involved  with  the  structure  and  chemistry  of 
laser  dyes  are  described  in  Section  II.  The  energy  levels  of  the  dye 
molecule  and  associated  excitation  and  relaxation  pathways  are  discussed: 
these  Include  fluorescence  and  phosphorescence,  thermallzatlon,  internal 
conversion.  Intersystem  crossing,  singlet  and  triplet  quenching,  and 
triplet  and  excited  state  singlet  absorption.  The  degradation  effects 
that  the  study  is  going  to  examine  are  then  presented,  and  the  section 
concludes  with  a  brief  description  of  several  Important  characteristics 
of  pulsed  dye  lasers. 

In  Section  III,  a  model  is  proposed  to  represent  the  dye  lsser  and 
rate  equations  appropriate  to  this  model  are  developed.  Using  the  steady- 
state  approximation  the  rste  equstlons  are  used  to  obtain  equations 
expressing  the  threshold  pump  power  and  the  output  power  of  the  laser. 

These  equations  sre  specifically  applied  to  the  KRS  dye  laser  in 
Section  IV.  The  pulse  energy  is  obtained  by  integrating  the  output  power 
over  the  durstion  of  the  flashlamp  pulse  by  computer.  Values  for  the 
required  parameters  are  selected  and  variables  are  then  introduced  to 
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Several  aspects  of  these  results  are  briefly  discussed  In  Section 
Conclusions  and  recommendations  are  given  In  Section  VI. 


II-  Mechanics  of  the  Dye  Laser 


The  complex  structure  of  organic  laser  dyes  presents  many  facets 
to  consider  In  understanding  the  lasing  process.  The  numerous  mecha¬ 
nisms  Involved  and  their  interplay  have  hampered  precise  characteriza¬ 
tion  of  the  dyes  and  have  led  to  conflicting  data  In  the  literature. 

This  section  presents  the  structure  and  basic  molecular  mechanics  of 
xanthene  dyes  to  provide  a  background  for  the  development  of  a  workable 
model  applicable  to  xanthene  dye  lasers. 

Structure  and  Energy  Levels  of  Dyes 

Organic  dyes  are  large,  complex  molecules  that  contain  conjugated 
double  bonds  (Ref  31: 7) .  These  molecules  can  be  approximated  by  a  core 
and  an  electron  cloud.  The  core  consists  of  a-bondlng  electrons  that 
are  well  localized  and  do  not  participate  In  optical-wavelength  transi¬ 
tions;  the  TT-orbital  electrons  are  delocalized  over  most  of  the  molecule 
(Ref  40:31).  This  extended  conjugated  bond  provides  strong  absorption 
in  the  visible  region  of  the  spectrum  due  to  electronic  transitions  from 
the  highest-filled  bonding  molecular  orbital  to  the  lowest  antibonding 
molecular  orbital  (ir+ir*)  (Refs  9:184,  31:144).  The  family  of  xanthene 
dyes  that  includes  KRS  and  the  rhodsmine  compounds  consist  of  the  parent 
xanthene  compound  (Figure  1)  with  a  9-carbon  substituent  that  provides 
the  variations  In  characteristics  of  the  individual  dyes  (Ref  9:182), 

The  structures  of  KRS,  Rhodamine  B,  and  Rhodamine  6G  are  also  shown  In 
Figure  1  (Ref  13:3883).  These  compounds  have  the  ir-electron  cloud 
extending  over  the  nitrogen  atoms  (Ref  25:5).  This  ir-electron  cloud 
can  be  considered  as  a  one-dimensional  particle  in  a  box  to  quantum- 
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Xanthene  Dye  Structures 

mechanically  determine  approximate  energy  level  eigenvalues  for  elec¬ 
tron  orbitals  (Refs  31:18,  40:31).  The  energy  level  diagram  of  a 
typical  dye  molecule  is  shown  in  Figure  2.  Aa  the  conjugated  bonds 
become  longer  in  the  larger  molecules,  the  separation  between  energy 
levela  becomes  smaller  both  in  this  free  electron  model  and  experi¬ 
mentally.  Therefore  the  molecules  with  longer  delocalized  tt  bonds 
will  abaorb  at  lower  spectral  energies  (Ref  9:184,  40:31). 

Due  to  the  large  size  of  the  dye  molecules  and  their  structural 
complexity,  many  closely-spaced  vibronic  tranaitions,  represented  aa 
the  fine  lines  within  the  electronic  levels,  are  possible  with  each 
electronic  transition.  In  addition,  every  vibrational  sublevel  is 
further  divided  by  rotational  sublevels  (not  depicted)  which  are 
extremely  broadened  due  to  frequent  collisions  with  solvent  molecules 


Figure  2 

Molecular  Energy  Levels 

(Ref  31:19).  The  resultant  density  of  these  possible  transitional 
levels  provides  broad  quasi-continuous  absorption  and  fluorescence 
bands;  the  latter  band  gives  KRS  a  tunability  from  589  nm  to  642  nm 
(Ref  11:270). 

The  singlet  multiplicity  states  shown  on  the  left  in  Figure  2 
represent  the  energy  eigenstates  that  a  molecule  can  attain  when  an 
electron  transitions  to  a  it*  orbital  and  has  maintained  the  spin 
orientation  required  in  the  ground  state  due  to  the  Pauli  exclusion 
principle.  Once  the  electron  has  departed  the  ground  state,  it  may 
change  its  spin  orientation  (spin-flip)  and  occupy  one  of  the  triplet 
energy  levels  depicted  on  the  right  in  Figure  2.  Each  singlet  level 
has  a  corresponding  triplet  level  that  is  of  slightly  lower  energy. 
The  triplet  levels  are  primarily  populated  by  nonradlatlve  relaxation 
from  their  corresponding  singlet  levels  as  depicted.  This  process  is 
known  as  intersystem  crossing.  Direct  singlet  to  triplet  absorption 


transitions  do  occur  but  at  a  rate  several  orders  of  magnitude  slower 
than  intersystem  crossing  and  are  therefore  negligible.  Intersystem 
crossing  can  be  induced  by  internal  perturbations  as  well  as  by 
external  perturbations  and  the  rate  varies  with  the  different  dyes 
and  as  a  function  of  the  dye  solvent  and  other  parameters  (Refa  9, 

17,  19,  31:29). 

Molecular  deexcitation 

Once  a  molecule  reaches  an  excited  state  it  has  several  paths 
through  which  it  can  return  to  ground  state.  These  can  generally  be 
grouped  into  radiative  and  nonradiative  transitions. 

Radiative  Transitions.  The  radiative  transitions  are  fluores¬ 
cence  and  phosphorescence,  illustrated  in  Figure  3.  A  fluorescent 
transition  ia  one  that  occurs  between  states  of  the  same  multiplicity 
phosphorescent  transitions  occur  between  states  of  different  multi¬ 
plicity  and  therefore  require  a  spin-flip  (Ref  5:308).  These  terms 
are  used  to  describe  the  and  Tj+Sq  transitions  respectively  in 


Figure  3 
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the  laser  dyes.  The  former  transition  is  usually  the  lasing  transi¬ 
tion  (Refs  31:29,  37:4726).  The  rates  of  these  transitions  are  expressed 
as  the  inverse  of  their  lifetimes.  The  values  found  in  the  literature 
for  the  fluorescence  lifetime  xp  and  phosphorescence  lifetime  xp  include 
nonradlatlve  contributions  to  relaxation: 


(2.1) 


(2.2) 


The  subscripts  (R)  and  (NR)  refer  to  radiative  and  nonradlatlve  life¬ 
times.  The  lifetimes  xp  and  xp  therefore  give  the  overall  lifetimes  of 
the  and  T^  states  due  to  all  relaxation  proceases  (31:30).  Fluores¬ 
cence  lifetimes  are  generally  on  the  order  of  nanoseconds,  while  phos¬ 
phorescence  lifetimes  usually  vary  from  microseconds  to  seconds  (Refs 
31:30,  35:651).  For  a  given  compound,  however,  these  values  can  change 
as  the  associated  nonradlatlve  relaxation  rates  are  altered  by  external 
parameters. 

Nonradlatlve  Transitions.  In  addition  to  radiative  relaxation, 
excited  molecules  can  relax  by  several  nonradlatlve  processes:  by 
thermal  equilibration  within  the  vlbronic  levels  of  an  electronic  state, 
by  internal  conversion  back  to  the  Sq  level,  or  by  Intersystem  crossing. 
When  an  electronic  level  becomes  significantly  populated,  thermalization 
establishes  a  dynamic  equilibrium  that  results  in  a  Boltzmann  diatrlbu- 
tion  among  the  continum  of  vibrational  and  rotational  states  (Ref  35:650). 
These  distributions  are  achieved  in  both  the  excited  and  ground  state 
electronic  levels  and  occur  on  a  picosecond  time  scale  (Ref  40:32). 
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Internal  conversion  takes  place  between  electronic  levels  of  the 
same  multiplicity.  Little  Is  actually  understood  about  the  phenomena 
although  rates  for  and  Sj+Sq  Internal  conversion  have  been  experi¬ 
mentally  determined  for  various  dyes.  conversion  la  usually 

extremely  fast,  taking  place  In  less  than  10  ^  sec.  (Refs  29:962, 

31:29).  This  Is  the  dominant  mechanism  In  depopulation  of  S2  and  higher- 
level  states.  Internal  conversion  between  and  Sq  competes  with  lasing. 
This  rate  has  been  found  to  range  over  several  orders  of  magnitude  (Ref 
31:29).  Figure  4  compares  these  relaxation  processes  and  gives  rates 
and  lifetimes  representative  of  xanthene  dyes. 

Several  nonradiative  processes  are  functions  of  the  solvent  and 
other  solute  molecules.  These  environmental  effects  Include  fluores¬ 
cence  quenching  by  charge  transfer  interactions  and  aggregation  of  dye 
molecules.  Aggregation  does  not  occur  in  organic  solvents  auch  aa 
ethanol  (Ref  31:159)  and  charge  transfer  Interactions  do  not  become  a 
factor  until  the  dye  concentration  exceeds  10  ^  M  (Ref  13:3892)  so  that 
neither  will  be  applicable  to  thla  analysis. 

Quantum  Efficiency  of  Fluorescence.  At  this  point  it  is  worthwhile 
to  define  the  quantum  efficiency  of  fluorescence  $.  This  Is  a  measure 
of  the  probability  that  a  dye  molecule  will  emit  a  photon  in  fluorea- 
cence  upon  absorption  of  a  photon.  This  can  be  expressed  as  the  ratio 
of  radiative  and  nonradiative  tranaitlon  lifetimes  (Ref  31:30): 

4  -  ^  or  tf  -  <TP(R)  <2-3) 

Using  the  relaxation  routes  discussed,  the  formula  for  $  would  be 
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the realization 


1 


♦  - 


1 

tf(r) 


tf(R) 


+  k. 


Vl 


(2.4) 


where 

S^T^  -  Sj-KT^  intersystem  crossing  rate 

Jt 

S^Sq  ■  Sj+Sq  Internal  conversion  rate 
The  quantity  In  the  denominator  Is  simply  the  Inverse  of  the  fluores¬ 
cence  lifetime  Tp  ss  previously  defined. 

Competitive  Absorption  Processes 

Two  additional  absorption  mechanisms  hsve  been  observed  in  dye 
lasers  that  detract  from  the  lasing  efficiency.  Thebe  are  categorized 
as  excited  singlet  state  absorption  (ESSA)  and  triplet  absorption.  ESSA 
occurs  when  molecules  sbsorb  the  pump  or  lasing  photons  snd  transition 
to  higher  singlet  states.  They  then  relsx  bsck  to  the  level  primarily 
by  Internal  conversion  (Figure  5).  The  photons  that  were  absorbed  sre 
lost  to  the  lasing  process,  although  the  fast  relaxation  time  of  Internal 
conversion  maintains  the  population  of  the  level  bsslcally  undis¬ 
turbed.  ESSA  hss  been  showu  to  be  a  significant  consideration  In  most 
dyes,  to  the  point  of  quenching  the  lasing  under  certain  conditions  (Refs 
29,  30,  42). 

Triplet  absorption  Is  depicted  In  Figure  6.  This  Is  essentially 
the  same  as  ESSA  but  with  the  absorptions  tsklng  place  In  the  triplet 
manifold.  This  will  only  be  a  factor  when  lsslng  parameters  allow  the 
T^  population  to  build  up  significantly,  such  as  during  long-pulse 

O  .  .  ' 


n 


hvT  •  energy  of  lasing  transition  photon 
hv  -  energy  of  pump  photon 

Figure  5  Figure  6 

lixcited  Singlet  State  Absorption  Triplet  Absorption 

pumping  and  CW  operation.  In  these  cases,  triplet  absorption  has 
also  demonstrated  the  capability  to  quench  lasing  (Refa  17,  19). 

Quenching 

The  T^  population  can  be  controlled  with  triplet  quenching.  This 
mechanism  promotes  nonradiative  relaxation  of  the  T^  level  to  ground 
state  Sq,  increasing  the  Tj-*-Sq  intersystem  crossing  rate  and  therefore 
decreasing  Tp.  Many  triplet  quenchera  auch  as  molecular  oxygen  (Oj) 
also  quench  the  S^  level.  In  many  situations  the  triplet  quenching 
by  (>2  more  than  offsets  its  singlet  quenching  effects,  but  other  com¬ 
pounds  have  been  found  that  selectively  quench  the  triplet  manifold 


without  the  detrimental  singlet  state  quenching.  Cyclooctatetraene 
has  been  demonstrated  to  be  an  efficient  triplet  quencher  for  Rhodamine 


6G  (Ref  31:59).  The  rate  of  quenching  Is  usually  expressed  per  unit  con¬ 
centration  of  the  quenching  agent  by  the  constants  k__  and  k-.-  (M*’1sec~1). 

Degradation  Effects 

The  dyes  that  lase  In  the  long-wavelength  range  from  about  550  nn 
into  the  Infrared  region  are  characterized  by  long  conjugated  chains 
that  are  particularly  susceptible  to  photodecomposition  from  the  pumping 
source.  Most  of  the  xanthene  dyes  have  demonstrated  definite  photode- 
composition  which  becomes  a  particularly  serious  problem  under  flashlamp 
excitation  (Refs  8,  15,  16,  25,  33,  34).  The  precise  nature  of  the 
reaction  products  of  KRS  have  not  yet  been  Identified,  and  no  specific 
mechanism  has  been  shown  to  be  the  cause  of  the  associated  laser  output 
deterioration  (Ref  33).  Two  likely  mechanisms  responsible  for  the  loas 
of  output  power  as  decomposition  Increases  are  absorption  of  the  pump 
energy  and  absorption  of  fluorescence  by  the  reaction  products  (Refs  12, 
18).  A  third  possibility  suggested  by  the  latest  results  of  a  atudy  In 
progress  (Ref  33)  is  that  the  photodegrsdation  effectively  increases 
Inter&ystem  crossing  to  the  triplet  manifold. 

The  absorption  coefficient  a  gives  the  amount  of  absorption  at  s 
particular  wavelength  that  will  occur  per  centimeter  traveled  by  the 
photon  beam  In  a  specific  medium.  If  the  reaction  products  were 
absorbing  lasing  photons  the  absorption  coefficient  of  the  dye  at  the 
lasing  wavelength  would  progressively  Increase  as  the  dye  deteriorated. 
The  lasing  efficiency  would  in  turn  decrease  as  more  lasing  photons 
were  lost  through  absorption  while  oscillating  in  the  cavity. 

If  the  pump  photons  were  being  absorbed  by  the  reaction  products 
the  pump  efficiency  n  would  decrease.  The  pump  efficiency  Is  defined 
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here  as  follows: 


theoretical  threshold  pump  power _ 

actual  pump  power  required  to  reach  threshold 


(2.5) 


The  threshold  pump  power  is  the  power  required  from  the  pump  to  overcome 
cavity  losses  and  initiate  lasing.  Pump  efficiency  considers  losses  due 
to  pump  absorption  by  impurities  in  the  medium,  in  addition  to  losses  due 
to  broad-spectrum  pumping  in  which  some  of  the  pump  photons  csnnot  be 
absorbed  due  to  improper  wavelengths  and  other  losses  thst  prevent  the 
total  energy  expended  by  the  pump  from  being  absorbed  by  the  dye.  A 
decrease  in  n  would  cause  a  corresponding  increase  in  the  actual  thres¬ 
hold  pump  power. 


Pulsed  Dye  Lasers 


A  simplified  schematic  for  the  dye  lasing  mechanism  is  shown  in 


Figure  7.  The  level  population  is  commonly  considered  negligible 

due  to  thermalization  in  the  ground  stste  electronic  level.  The  ther- 
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malizatlon  rate  is  approximately  10  sec  ;  the  rspidity  of  this 


Figure  7 

Four-Level  Lsser  Schematic 
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relaxation  is  due  to  an  ethanol-dye  collislonal  cross-section  on  the 
-14  2 

order  of  10  cm  .  The  lasing  transition  places  the  molecule  into  a 
state  that  is  unpopulated  and  the  molecule  then  relaxes  to  the  ground 
level  immediately  so  that  a  population  inversion  is  effectively  estab¬ 
lished  whenever  any  molecules  are  in  the  level.  This  ia  a  distinct 
advantage  over  systems  in  which  the  lasing  transition  ends  in  a  signi¬ 
ficantly  populated  level,  and  allows  laaing  to  commence  with  very  low 
threshold  pump  powers  (Ref  41:155).  This  feature,  combined  with  quantum 
fluorescence  efficiencies  greater  than  0.7  for  the  xanthene  dyes,  gives 
f lashlamp-pumped  xanthene  dye  lasers  efficiencies  generally  from  0.1  to 
1  percent;  a  CW  laaer  pumped  by  another  argon- ion  laser  has  produced 
light-to-light  efficiencies  as  high  as  30  percent  (Ref  21:3786). 

The  population  at  level  2  can  transition  to  any  of  the  many  vibra¬ 
tional-rotational  levels  within  the  Sq  state.  The  broad  fluorescence 
spectrum  provides  the  capability  to  selectively  laae  over  a  wide  range 
of  frequencies.  One  of  the  most  common  methods  of  tuning  dye  lasers 
consists  of  replacing  one  of  the  cavity  mirrors  with  a  diffraction 
grating  that  can  be  rotated  to  reflect  only  the  desired  wavelength  back 
through  the  cavity  and  preclude  the  remaining  wavelengths  from  oscil¬ 
lating.  The  singlet-state  absorption  and  fluorescence  spectra  of 
Rhodamine  6G  in  ethanol  are  reproduced  in  Figure  8  (Ref  43:188).  These 
spectra  are  fairly  representative  of  organic  dyes.  Since  the  peak  of 
the  emission  spectrum  is  at  a  longer  wavelength  than  the  peak  of  the 
absorption  spectrum,  dye  lasers  can  be  tuned  to  lase  in  s  strong  emis¬ 
sion  region  away  from  strong  competitive  absorption.  The  separation 
between  the  peaks  of  the  absorption  and  fluorescence  spectra  is  known 


Figure  8 

Absorption  and  Fluorescence  Spectra 

aa  the  Stokes  Shift.  The  overlap  of  the  spectra  determines  the  high- 
frequency  limit  of  lasing.  Some  amount  of  self-absorption  will  usually 
be  present  at  the  lasing  wavelength  and  will  affect  the  values  of  T 

F 

and  $  observed  (Ref  13). 


III.  Rate  Equation  Analysis 

The  absorption,  emission,  and  relaxation  processes  that  were 
presented  in  the  preceedlng  section  are  illustrated  in  Figure  9  for 
the  first  two  singlet  and  triplet  levels  of  an  organic  dye.  The  dia¬ 
gram  demonstrates  the  interdependence  of  the  various  molecular  energy 
level  populations  during  lasing.  The  derivation  of  rate  equations  for 
thla  3ystem  provides  a  standard  method  of  analysis  that  considers  in 
detail  the  transient  and  dynamical  behavior  of  the  energy  level  and 
cavity  photon  populations.  The  literature  has  examples  of  many  rate 
equation  analyses  of  dye  lasers  that  are  essentially  the  same  in  con¬ 
cept  yet  use  different  mathematical  techniques  to  describe  lasing 
(Refs  1-4,  17,  21,  27,  37,  38).  The  essential  mathematics  involved  in 
the  development  of  the  rate  equations  presented  in  this  section  parallel 
the  approach  presented  by  Siegman  (Ref  36:411-431).  The  equations 
necessarily  incorporate  more  concepts  than  those  considered  in  the 
basic  model  used  in  this  reference.  These  additional  factors  were 
handled  with  methods  consistent  with  the  literature,  if  available,  or 
in  the  manner  judged  most  suitable  by  the  author.  The  results  are 
intended  for  applicaLiuu  to  xauLheue  dye  laser  systems  and  therefore 
assumptions  applicable  only  to  specific  dyes  such  as  KRS  are  withheld 
in  this  section;  assumptions  limited  to  xanthene  dyes  are  used  only 
when  great  simplification  results. 

Dye  Laser  Model 

The  mechanisms  summarized  in  Figure  9  appear  to  have  the  most 
probable  impact  on  dye  laser  performance;  the  relative  Importance  of 
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-  radiative  transition 

—  —  —  nonradiative  transition 


Figure  9 

Excitation  and  Relaxation  Paths  in  Laser  Dyes 


each  depends  on  the  chemistry  of  the  particular  dye  that  is  being  exa¬ 
mined.  For  the  great  majority  of  dyes  the  upper  level  Internal  con- 
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version  rates  are  extremely  fast,  on  the  order  of  10  aec  ,  ao  the  S2 
and  T2  populations  should  remain  minimal  and  interactions  from  these 
and  higher  levels  will  be  considered  negligible  (Ref  29:963).  The 
T^S^  Intersystem  crossing  rate  would  also  be  negligible  in  comparison 
to  the  T^T^  Internal  conversion  rate.  The  rate  equations  are  developed 
around  single  mode  operation  of  a  laser  that  is  homogeneously  broadened 
(Ref  35:650).  The  cavity  photon  population  (n)  is  assumed  to  be  spa¬ 
tially  uniform  (Ref  40:37A).  Schlieren  effects  are  not  addressed. 

To  initially  focus  on  the  most  likely  effects  of  reaction  product 
formation  a  simplified  four-level  model  that  takes  into  account  both 
excited  singlet  state  absorption  and  triplet  absorption  is  used  (Figure 
10).  By  making  the  assumption  that  the  S2,  T^,  and  upper-level  and 
Sq  populations  are  immediately  depleted  by  Internal  conversion  anl  ther- 
malization  and  are  therefore  negligible,  these  levels  may  be  explicitly 
left  out  of  the  equations.  It  should  be  noted  that  although  these  popu¬ 
lations  are  not  addressed  by  the  rate  equations,  terms  that  consider  ESSA 
and  triplet  absorption  of  fluorescence  photons  can  be  Introduced  into 
the  cavity  photon  population  equation.  By  handling  the  absorption  in 
this  manner  the  absorbed  photons  are  lost  to  the  photon  population  yet 
the  E2  and  E^  populations  remain  unaffected.  Several  recent  publications 
(Refs  1-4)  Include  the  Tj  and  upper- level  levels  to  allow  a  more 
detailed  examination  based  on  a  six-level  system  (the  Sj  level  remains 
deleted) .  Appendix  A  presents  an  equation  set  based  on  this  six-level 
model  that  also  Includes  ESSA.  These  equations  would  enable  a  more 


E  -  Energy  Level  N  -  Population 


Figure  10 

Rate  Equation  Model 


refined  analysis,  particularly  in  conjunction  with  non-s tat ionary 
computer  solutions. 


Rate  Equations 

The  rate  equation  for  the  cavity  photon  population  is 


dn  N2P  ,  N2  N2p  V  0 

dt  tf(r)  tf(r)  6stf(r)  6ttf(r)  tc 


(3.1) 


where 


Nj  ■  Ej  energy  level  population  density 
Hj,  *  e«ergy  level  population  density 


E(R) 


radiative  fluorescence  lifetime 


Tp  ■  cavity  photon  lifetime 

6t  "  ratio  of  the  Sq+S^  extinction  coefficient  to  the 
extinction  coefficient  at  the  lasing  wavelength 
■  ratio  of  the  extinction  coefficient  to  the  S^-*^ 

extinction  coefficient  at  the  lasing  wavelength 
The  first  two  terms  on  the  right  in  Eq  (3.1)  account  for  stimulated  and 
spontaneous  emissions  from  level  2;  the  spontaneous  emission  occurs  at 


the  same  rate  as  stimulated  emission  when  the  photon  population  ia  set 
equal  to  1  (Ref  36:416).  The  third  and  fourth  terms  account  for  ESSA 
and  triplet  absorption  losses  respectively.  These  terms  were  adapted 
from  a  triplet  absorption  expression  in  Keller's  presentation  (Ref 
17:411).  The  ratios  Njn/ip^j  and  N^n/Xj.^  give  absorption  rates 
assuming  the  Einstein  B  coefficients  for  the  and  Tj+Tj  transi¬ 

tions  are  equal  to  the  Einstein  B  coefficient  for  the  Sq-*-S^  transition. 
The  6  factors  in  the  denominators  adjust  the  rates  to  account  for  the 


actual  differences  In  the  B  coefficients.  The  final  tenc  reflects  losses 
associated  with  cavity  parameters  such  ss  mirror  transmission  and  ground 
state  sbsorption  by  the  laser  medium  at  the  lasing  wavelength.  The 
absorption  coefficient  of  the  dye  solution  at  the  lasing  wsvelength  will 
Increase  with  dye  degradation  If  the  reaction  products  absorb  fluores¬ 
cence  photons;  this  increase  will  decrease  Tg.  The  first  two  terms  in 
Eq  (3.1)  can  be  combined: 


dp 

dt 


TF(R) 


(n+1) 


N2n 


6STF(R) 


V 


6TTF(R) 


n 


(3.2) 


The  rate  equation  for  Is 


tf(t)n  -  (n+l)  -  N  (k  +  k  -  +  k0_Q_) 

TF(R)  2  S1T1  QS  S 


'1“0 


(3.3) 


where 

W(t)  ■  pumping  function 

ri  ■  quantum  pumping  efficiency 

k_  ■  S.-^T.  intersystem  crossing  rste  constant 
S1T0  1  1 

k_  _  ■  internal  conversion  rate  constant 

®150  1  u 

kpg  ■  singlet  quenching  rate  constant 
Qg  «  concentration  of  singlet  quencher 
The  pumping  function  can  be  varied  to  describe  the  characteristics  of 
the  particular  method  of  pumping.  Linear  and  Gaussian  models  have 
commonly  been  used  for  flashlamp  pumping  (Refs  4,  17,  21,  29,  37). 

The  remaining  rate  equation  is  for  N^: 
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*  ■  «*■«<**.  writ* •Wlf****,*^ 


<«-  nt 

dt  "  N2(kS1T1  +  Vs}  ‘  Tp(R)  ’  NT(kT1SQ  +  VV 


(3.4) 


where 

TP(R)  "  radiative  phosphorescence  lifetime 

fc  •  T.-*Sn  intersystem  crossing  rate  constant 

~1S0  1  0 

k^,  •  triplet  quenching  rate  constant 
-  concentration  of  triplet  quencher 

Here  it  is  assumed  that  singlet  quenching  Increases  Intersystem  crossing 
to  the  triplet  manifold  (Ref  31:58),  augmenting  the  N^  population;  the 
possibility  also  exists  that  it  returns  the  molecules  directly  to  the 
ground  state  (Ref  17:412).  Pumping  directly  to  the  triplet  manifold  is 
neglected. 

A  rste  equation  for  Nq  Is  not  required  as  this  population's  only 
interaction  on  lasing  in  the  model  has  been  represented  by  W(t).  As  long 
as  the  Nq  molecules  are  replenished  during  actual  lasing  under  pulsed 
excitation,  ..  generalized  W(t)  function  can  successfully  be  used  to 
describe  the  pulse  of  pump  photons  generated  and  Nj  will  follow  the 
pumping  rste  in  both  the  actual  laser  and  the  model.  If  the  Nq  mole¬ 
cules  are  significantly  depleted  during  the  lasing  due  to  entrspment  in 
the  triplet  manifold  then  the  reduced  pump  photon  absorption  by  Nq  will 
not  be  reflected  adequately  by  these  equations  and  a  closed-population 
system  of  rate  equations  that  Include  Nq  should  be  used  (aee  Appendix 
A).  This  requirement  is  not  anticipated  for  the  xanthene  dyes  due  to 
their  high  fluorescence  efficiencies  which  indicate  small  triplet  build¬ 
up  rates.  Triplet  quenching  and  short  flashlamp  pulae  duration  alao 
minimize  triplet  populations. 
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The  complete  set  of  rate  equations  Is  then 


dn 

dt 


N,  N  n 

2  (n+1)  -  2 


TF(R) 


5STF(R) 


NTn  n 
6TTF(R)  tc 


(3.2) 


N„ 


W(t)n  -  — (rt+l)  -  N,(k.  _  +  k-  s  +  koqQs) 

TF(R)  2  siTi  10  QS  s 


(3.3) 


dt 


N_ 


N2<kS1T1  +  kQSQS5  "  T 


'  "  NT(kT  S 

p(r)  T  Tro 


+  k, 


qtV 


(3.4) 


Steady-State  Solutlona 

In  most  cases  of  Interest  a  steady-state  approximation  to  the  rate 
equations  simplifies  their  sppllcatlon  and  yields  resulta  comparable  to 
the  more  demanding  numerical  methods  of  solution  (Ref  17).  This  adlabstic 
approximation  has  been  shown  to  favorably  compare  with  numerical  solutlona 
of  the  rate  equations  for  both  CW  operation  snd  flsshlamp  pumping  with 
pulses  as  short  as  one  nanosecond  (Ref  29:963).  The  flsshlamp  pulse 
duration  was  500  nanoseconds  in  Rabins'  experiment;  the  steady-stste 
approximation  should  therefore  yield  useful  results.  The  resulting 
equations  are 


N„ 


N2n 


N„n  n 


*(n+l)  -  T-r - +  - +  T 

tf(r)  Vf(r)  Vf(r)  tc 


(3.5) 


No 

W(t)n  *  (xri-l)  +  N,(k_  T  +  k  +  k  Q„) 
TF(R)  2  Vi  siso  QS  s 


(3.6) 


N„ 


U 


N2(kS1T1  +  kQSQS)  “  Tp(R)  +  +  kQlV 


(3.7) 
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Equations  (3.6)  and  (3.7)  can  be  simplified  by  grouping  their  reapectlve 
radiationless  rate  constants  Into  one  rate  constant: 


k2  “  kS1T1  +  +  kQSQS 

(3.8) 

+  kQSQS 

(3.9) 

^  "  ’'TjSq  +  kQTQT 

0.10) 

Equatlous  (3.6)  and 

(3.7)  then  become 

N 

w(t)n  “  ~  — (iH-1)  +  N,k, 

tkr)  2  2 

(3.11) 

N,k-_  “  T*—  + 

2  ST  tp(R)  rr 

(3.12) 

Recalling  Eqs  (2.1)  and  (2.2),  Eqs  (3.11)  and  (3.12) 

can  alternately  be 

expressed  ss 

w(t)n  -  +  n 

XF(R)  f 

(3.13) 

N2kST  “  NT(T^) 

(3.14) 

Replacing  Tp  In  Eq 

(3.13)  by  $tp£Rj,  we  can  write 

**2  1 

W(t)n  -  G*±) 

TF(R) 

(3.15) 
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Solving  Eq  (3.5)  for  n,  we  get 


N, 


2l6S  5v  Tc 


(3.16) 


The  above-threshold  condition  occurs  when  the  denominator  approaches 
eero;  this  gives  the  above- threshold  population  for  (N^  ^): 


(3.17) 


Nj  saturates  at  this  value  so  that  above  threshold  Nj  "  ^2  TH  ^6: 

424) . 

Solving  Eq  (3.12)  for  NT  and  substituting  this  value  into  Eq  (3.17)  ve 
obtain 


N 


.  tf(e) 


2,TH  Tr 


5s5t  (p,)+1) 


5s5T(kTTp(R)+1)  -  *  ksT5STP(R) 


(3.18) 


Assuming  k>j‘rp/R\  ^  1*  Eq  (3.18)  can  be  simplified: 


N  -  Tf<R) 
N2.TH  T_  I 


C  '  5S5TkT  "  5TkT  **  kST5S 
L 


(3.19) 


Above  threshold,  n  »  1  so  that  Eq  (3.15)  can  be  approximated  by 


W(t)n  *  ~^(n)  or  n  =  W(t)r^^- 
F(R)  2,TH 


(3.20) 


The  output  power  of  the  laser  (P^aBer^  can  now  expressed  as 
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(3.21) 


nhv. 

P  - - - 

laser  Tjj 

where 
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h  *  Planck's  constant  (6.626  x  10  joule-sec) 

vT  ■  frequency  of  the  lssing  photon 
L 

T„  ■  cavity  photon  lifetime  due  to  mirror  transmission  only 
rl 

The  threshold  pumping  rate  Wp  TH  is  defined  by  the  following  equation: 


This  equation  is  based  on  one  developed  by  Siegman  (Ref  36:424)  with  the 
addition,  for  the  present  analysis,  of  T]  to  account  for  possible  loaa  in 
pump  efficiency  due  to  reaction  product  absorption.  Aa  Nj  ^  ia  an 
implicit  function  of  a  due  to  its  dependence  on  T^,  Wp  TH  will  increase 
with  either  pump  or  lasing  absorption  by  the  reaction  products. 
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Analyses  of  the  Kiton  Red  S  Laser 


The  rate  equations  presented  in  Section  III  now  provide  a  means  to 
examine  KRS  under  flashlamp  pumping  and  to  attempt  explanation  of  the 
multiplier  effect  observed  by  Rabins  et  al.  (Ref  25).  To  the  maximum 
extent  possible  this  analysis  will  employ  data  directly  from  their  exper¬ 
iments  to  reproduce  their  conditions  and  then  try  to  obtain  similar 
results  analytically. 


Calculation  of  Pulse  Energy 

Eq  (3.21)  expresses  the  power  output  of  a  laser  as  a  function  of  the 
cavity  photon  population: 


nhVj 

Plaser  *  xM 


(3.21) 
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The  assumption  that  k^Xp^  >>  *  is  for  Tp(R)  >  sec  an<* 


k_  _  >.  10**  sec~*.  Both  of  these  conditions  are  very  probable  (Ref  32) 

Tl50 


although  no  specific  data  for  k^  ^  and  xp^  were  discovered  in  the 


literature  for  KRS  or  the  other  xanthene  dyes.  Allowing  this  assumption, 
we  can  combine  Eqs  (3.19)  and  (3.20)  to  arrive  at  the  following  expres¬ 
sion  for  P, 


laser' 


hvLW(t)riTc 


laser 


lM 


“  ^T^T  “  kST^S 


(4.1) 


The  expressions  for  xc  and  x^  are  dependent  upon  the  laser  cavity 
geometry  and  are  derived  in  Appendix  B: 
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m 


Tc 


_ cL _ 

4  +  LO^  -  1) 


M 


_ c _ 

24  +  21.(1^  -  1) 


(4.2) 


(4.3) 


where 

c  ■  speed  of  light  in  vacuum 

L  ■  length  of  dye  medium  traversed  by  a  photon  during  a  single 
pass  through  the  laser  cavity 

4  ■  distance  between  mirrors  in  the  laser  cavity 
np  ■  index  of  refraction  of  the  dye  solution 

a  ■  absorption  coefficient  of  the  dye  solution  at  the  lasing  wave¬ 
length 

*  reflectivity  of  the  frontal  cavity  mirror 
R2  ■  reflectivity  of  the  rear  cavity  mirror 
As  the  dye  degrades,  fewer  dye  molecules  are  available  to  absorb  the 
pump  photons  and  lase.  The  term  II  is  introduced  to  account  for  this 
reduction  in  dye  concentration  and  its  resultant  decrease  in  output  power. 
The  derivation  of  values  for  II  is  given  in  Appendix  C.  Substituting  Eq 

(4.3)  into  (4.1)  and  including  II  in  the  equation  we  arrive  at 


nhv,cW(t)Tyr_ 

r  c  L  ^  In  1 

fj,\ 

~  ^T1^  "  kST5S 

laser  24  +  21,(1^  -  1) 

\h) 

<SS<STkT 

(4.4) 


Eq  (4.4)  gives  the  output  power  of  the  laser  in  terms  of  W(t) .  The 
function  used  for  W(t)  in  this  analysis  is  the  Gaussian  distribution 
pulse  approximation  (Refs  17,  37,  38): 


W(t)  "  Wmaxexp  |  "  [(^)<ln  2)1/2]  |  (4'5) 

T^  is  the  half -width  at  half-height  of  the  pumping  pulse.  This  pulse 

peaks  at  the  value  W  (photons/sec)  at  time  t-0. 

max 

To  calculate  the  energy  in  a  shot  the  pulse  was  divided  into  1  nano¬ 
second  units  and  the  output  power  determined  for  each  increment.  The 
resultant  power  curve  was  integrated  over  the  duration  of  the  pulse  by 
computer  using  a  trapezoidal  area  approximation.  The  computer  program 
used  to  calculate  the  pulse  energy  for  different  shots  as  the  variables 
changed  is  listed  in  Appendix  D. 

Experimental  Data 

The  experiment  conducted  by  Rabins  consisted  of  six  photolysis 

trials.  In  the  first  three  trials  the  amount  of  dye  degradation  that 

occurred  during  successive  flashlamp  pulses  and  the  related  pulse  energy 

were  determined.  The  dye  solution  in  Trial  1  was  purged  with  argon  to 

-3 

remove  the  oxygen  from  the  solution.  Trials  2  and  3  had  1.0  x  10  M  and 

_3 

2.1  x  10  M  of  oxygen  in  solution  respectively  (Ref  25:45).  These  mea¬ 
surements  were  repeated  in  Trials  4  through  6  with  the  addition  of  a 
filter  to  eliminate  high-energy  regions  of  the  pump  spectrum.  The  dye 

_3 

solution  in  Trial  4  was  purged  with  argon;  Trials  5  and  6  had  2.1  x  10  M 
oxygen  in  solution.  The  degradation  and  output  energy  data  used  in  the 
computer  analysis  were  taken  from  the  graphs  in  Appendix  E  which  give 
the  res-lts  of  the  first  three  trials  (Ref  25:30-35).  The  dye  concen¬ 
tration  cD  was  determined  from  the  linear  fitting  on  the  graph  rather 
than  the  plotted  points  to  provide  ideal  data  that  simplified  the 
interpretation  of  the  theoretical  results.  For  the  same  reason  the  data 


1 

i 
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was  recorded  to  three  decimal  places.  Table  I  lists  the  values  used  for 
theae  trials  in  the  analysis. 


Parameter  Values 

The  values  used  for  the  independent  parameters  of  the  pulse  energy 
are  listed  in  Table  II.  A  distinction  is  made  here  between  parameters 
and  variables:  the  parameters  are  considered  constant  throughout  a 
trial,  while  the  variables  change  with  shot  number.  The  dependent  para¬ 
meters  Tp,  Tp,  and  $  also  remain  constant  through  the  trial  since  they 
are  functions  of  the  independent  parameters.  The  values  of  Tp,  Tp,  and 
♦  that  were  calculated  from  the  independent  parameter  values  in  Table  II 
are  listed  in  Table  III. 

Tables  II  and  III  illustrate  the  difficulty  encountered  in  trying 
to  locate  consistent  values  for  the  KRS  parameters.  Many  of  these  para¬ 
meters  are  difficult  to  evaluate  in  the  laboratory  and  most  of  the  data 
found  in  the  literature  was  for  Rhodamine  6G  and  Rhodamine  B.  Fortunately 
the  analysis  of  pumping  and  lasing  radiation  absorption  allows  considerable 
latitude  in  the  selection  of  these  values  as  the  independent  parameters 
affect  the  absolute  power  output  rather  than  the  output  difference  between 
shots.  This  is  apparent  when  we  examine  the  expression  for  the  output 
power  given  by  Eq  (A. 4): 


^laser 


IIhvLcW(t)nTc 

21  +  2L(np  -  1) 


Vt^  -  -  k 

Vl*! 


st6s 

- 


(4.4) 


The  variables  II,  n»  and  Tc  are  the  only  factors  that  reflect  changes  in 
pump  and  lasing  absorption;  the  independent  parameters  6g,  6^,  k^.,  and 
k__  will  all  remain  unaffected.  Singlet  quenching  by  a  reaction  product 

b  1 


Table  II 


Independent  Parameter  Values 


Parameter 

Value  Used 

Values  Reported 

tf(r)  <8ec) 

3.1xl0"9 

— 

TP(R)  (sec) 

10"3 4 

— 

k_  _  (sec-1) 

1S *0 

107 

107-108 

k  (sec-1) 

±  A 

2.5xl07 

1.8xl07 

2xl07 

1.5-6.7xl07 

(1) 

(1) 

(3) 

k_  .  (sec-1) 

1S0 

107 

107 

kQS  W1-'-1 1) 

3xl09 

3xl0Jn 

2xl010 

(1) 

(4) 

k^  (M-1sec-1) 

107 

107 

3.3xl09 

2.5xl09 

(1) 

(4) 

5t 

10 

10 

(1) 

(3) 

(4) 

5s 

10 

— 

(5) 

Reference 


22 
31:58 
37:4732 


31:58 

17:415 

33:2 

31:58 

17:415 

21 

37:4728 

17 


(1)  -  Rhodamine  6G 

(2)  -  Rhodamine  B 

(3)  -  Xanthene  dyes  in  general 

(4)  -  No  specific  dye  referred  to  when  given 

(5)  -  Based  on  the  following  values  for  ESSA  and  triplet  absorption 

cross  sections  for  Rhodamine  6G: 

aT  »  0.35  x  10"16cm2  (Ref  19:229) 


aS,-*-S„  -  0.4-0. 6  x  10_16cm2  (Ref  29:966) 


will  change  kgT,  however,  so  that  the  values  chosen  for  the  associated 

relaxation  rates  will  have  some  effect  on  the  magnitude  of  change  between 

successive  shots  when  analyzing  this  mechanism.  The  value  for  W  was 

max 

arbitrarily  selected  for  each  set  of  Independent  parameter  values  to 

equate  the  pulse  energy  of  the  first  shot  calculated  by  the  computer 

program  to  the  experimental  value.  A  change  In  output  energy  due  to 

varying  a  parameter  could  be  absorbed  by  Increasing  or  decreasing  W 

max 

to  compensate  for  the  change. 


Table  III 

Dependent  Parameter  Values 


Parameter 

Calculated  Value 

Values  Reported 

Reference 

Tp  (sec) 

2.8xl0"9 

2.8xl0”9 

9:85 

3 . Ixl0_* 

13:3892 

5xl0~9 

(3) 

37:4728 

Tp  (sec) 

l.OxlO-7 

io"6 

(3) 

6:421 

2xl0"6 

(1) 

31:59 

1.4x10” 7 

(D* 

31:59 

$ 

0.90 

0.99 

13:3890 

0.83±0.02 

9:185 

0.9 

(3) 

37:4728 

(1)  Rhodamine  6G 


(3)  Xanthene  dyes  In  general 

*  with  20 X  oxygen  content  In  atmosphere  above  dye 
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The  figure  given  for  from  the  Battelle  Laboratories  interim 
report  (Ref  33)  in  Table  II  was  much  lower  than  would  be  expected  from 
the  previously  reported  figures  also  listed.  This  value  may  explain 
the  reduction  of  output  power  Rabins  noted  in  Trials  2  and  3  (see  Table 
I).  If  k_c  remains  on  the  order  of  10^-10^  sec  *  oxygen  would  prove  to 
be  more  detrimental  due  to  singlet  quenching  than  beneficial  due  to 
triplet  quenching.  The  values  used  in  the  analysis  for  knc  and  k-,, 

ip  ifi 

duplicated  the  initial  output  energies  listed  in  Table  I  to  within  10  mj 

while  holding  W  _  constant, 
max 

Trial  Variables 

The  computer  analysis  was  designed  to  work  with  three  variables: 

the  solution  pump  absorption  factor  H,  the  quantum  pump  efficiency  rj» 

» 

and  the  absorption  coefficient  a  of  the  dye  solution  at  the  lasing  wave¬ 
length  (XL) . 

Pump  Absorption  Factor  II.  The  pump  absorption  factor  was  designed 
to  compensate  for  the  reduction  in  the  dye  concentration  as  lasing  pro¬ 
gressed.  This  variable  is  also  dependent  on  the  amount  of  the  reaction 
product  present  if  the  reaction  product  absorbs  the  pump  photons.  Appen¬ 
dix  C  tabulates  in  Tables  C-I  and  C-II  the  values  for  II  in  both  cases 
and  shows  how  these  figures  were  calculated.  Figure  ll  presents  the 
graph  of  the  pulse  energies  computed  using  II  as  the  only  variable  and 
compares  this  with  the  experimental  values.  This  case  represents  the 
reduction  in  output  due  only  to  the  reduced  concentration  of  the  dye. 

This  factor  is  included  in  all  of  the  following  evaluations,  using  the 
appropriate  values  from  Tables  C-I  and  C-II. 

Pump  Efficiency  h**.  This  term  is  used  to  account  for  the  reduced 
probability  of  a  pump  photon  being  absorbed  by  a  dye  molecule  as 


35 


competitive  absorption  by  the  reaction  products  Increases.  This  vari¬ 
able  has  been  isolated  from  the  remaining  factors  in  the  total  pump 
efficiency  n  as  defined  in  Eq  (2.5)  for  the  purposes  of  the  analysis. 
Appendix  C  explains  the  derivation  of  n".  This  variable  replaces  n  in 
the  equation  developed  for  the  analysis. 

Figure  12  is  a  graph  of  the  concentration  of  dye  versus  shot  number 
based  on  visible  spectra  (Ref  25:46).  This  appears  contradictory  to 
Figure  E-3  which  wa3  determined  from  infrared  (IR)  spectra.  Figure  12 
indicates  that  absorption  of  pump  photons  at  552  nm  by  the  dye  solution 
increases  initially  with  shot  number.  This  could  be  due  to  the  formation 
of  a  transient  reaction  product  that  absorbs  at  this  wavelength  but  does 
not  interfere  with  the  absorption  at  the  IR  band  used  to  determine  the 
concentration  curve  in  Figure  E-3.  Due  to  the  uncertainty  surrounding 
reaction  product  formation  and  identity  several  ratios  of  dye  degrada¬ 
tion  to  reaction  product  formation  were  formulated.  The  values  for  both 
n"  and  II  corresponding  to  these  ratios  that  were  used  to  examine  pump 
c.-sorption  are  provided  in  Table  C-II.  The  analytical  results  based  on 
the;  e  values  are  presented  in  Figure  13. 

Absorption  Coefficient  Qt.  The  variable  a  changes  as  the  dye  degrad¬ 
ation  alters  the  absorption  capability  of  the  dye  solution.  Figures  14 
and  15  are  the  absorption  spectra  of  the  Trial  1  dye  solution  before 
lasing  (shot  0)  and  after  3000  shots  (Ref  26:95).  A  distinct  reduction 
in  absorption  of  the  dye  around  460  nm  is  obvious;  this  peak  corresponds 
to  Sq-*-S^  absorption.  If  the  reaction  products  were  increasing  the 
absorption  coefficient  for  the  625  nm  to  635  nm  region,  a  decrease 
in  I/Iq  for  shot  3000  should  be  indicated  within  this  band.  The  maximum 
decrease  in  I/Ig  that  could  be  consistent  with  Figures  14  and  15  was 
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Transmittance  (I/I  ) 


estimated  to  be  0.004.  Any  variation  in  the  spectra  within  this  amount 
is  most  likely  due  to  noise  or  equipment  inaccuracy,  but  could  be  the 
effect  of  narrow-band  absorption  differences.  Appendix  C  gives  the 
derivation  of  absorption  coefficients  that  would  result  in  this  amount 
of  an  increase  in  the  solution  absorption  at  These  absorption  coef¬ 

ficients  were  applied  to  Trial  1  data,  and  the  pulse  energies  predicted 
by  computer  analysis  are  plotted  in  Figure  16.  The  additional  plot  of 
theoretical  pulse  energies  in  Figure  16  corresponds  to  a  second  set  of 
absorption  coefficients  that  were  derived  so  as  to  provide  reduction  in 
output  energy  consistent  with  the  reduction  observed  experimentally 
(these  absorption  coefficients  are  listed  in  Appendix  C) .  To  obtain  an 
output  energy  of  9  millijoules  at  shot  3000  an  absorption  coefficient  of 
1.0  cm  1  is  required.  This  corresponds  to  an  I/Iq  value  of  0.90;  a 
reduction  in  transmittance  of  this  magnitude  is  not  indicated  by  the 
spectrum  in  Figure  15.  This  result  suggests  that  although  the  absorp¬ 
tion  of  lasing  radiation  could  contribute  significantly  to  the  multi¬ 
plier  effect,  it  would  not  be  solely  responsible  for  the  reduction  in 
output  energy. 

Figure  17  compares  the  pulse  energies  calculated  for  several  dif¬ 
ferent  rates  of  lasing  and  pump  radiation  absorption  that  occur 
simultaneously. 

Singlet  Quenching  by  Reaction  Products 

The  final  mechanism  examined  by  which  the  reaction  product  inter¬ 
feres  with  laser  performance  was  singlet  quenching.  From  their  current 
studies  of  KRS  degradation.  Dr.  Schwerzel  et  al.  have  proposed  the  for¬ 
mation  of  reactive,  triplets  from  the  upper  excited  singlet  states  (Ref 
33).  In  addition  to  promoting  degradation,  this  triplet  formation  could 
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Trial  1 

Lasing  radiation  absorption; 

0  -  I/I0  ar  ahot  3000  -  0.995 

0  ••  I/I  at  shot  3000  -  0.90 
o 

X  -  experimentally  observed  pulae  energies 


Figure  16 


ulse  Energies  due  to  Lasing  Radiation  Absorption 


3000 


2000 

Shot  Number 


1000 


3 


2000 

Shot  Number 


3000 


Figure  17 

Pulse  Energies  due  to  Combined  Effects 
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1000 


Trial  1 

Simultaneous  pump  and  lasing  absorption: 

°A(D)  “  °A(RP)  4nd  1  ■  <T«  3  ■  » 

lasing  radiation  absorption  for 
0  -  a  at  ahot  30  00  >-0.10 
O  -  a  at  ahot  3000  “0.30 
0  -  Q  at  ahot  3000  -  1.00 
X  -  experiments! ly  observed  pulse  energies 


Figure  18 

Pulse  Energies  due  to  Singlet  Quenching  by  the 


Reaction  Product 


affect  the  lasing  directly  by  Increasing  triplet  absorption,  and  would 
populate  the  triplet  manifold  at  the  expense  of  the  singlet  population. 
The  potential  of  this  possibility  was  assessed  by  adding  an  additional 


term  to  the  rate  constants  kgT  and  k£: 


kST  *  kS.T.  +  kOSQS  +  kOS(RP)^£ 


QSyS  *QS(RP)VS(RP) 


(A. 6) 


k2  "  ksiTi  +  ksiso  +  kQsQ*  +  (4‘7) 


where 


kQS(RP)  "  rate  constant  fcr  singlet  ^vjenchirg  by  the  reaction 
product  (M  ^  sec  *) 

Qg(Rp)  *  concentration  of  reaction  product 

The  quantity  Qg (RP)  tke  same  as  crp  intro^uce<^  previously  and  has  been 

relabeled  to  maintain  the  nomenclature  adopted  for  the  rate  equations. 

The  computer  program  used  in  the  previous  analyses  was  modified  to 

incorporate  Eqs  (A. 6)  and  (A. 7)  and  to  calculate  the  pulse  energy  as  the 

reaction  product  concentration  increased;  this  program  is  included  in 

Appendix  D.  Several  runs  were  made  for  different  values  of  kft<;,  k—,, 

and  assuming  that  1  molecule  of  dye  produced  one  molecule  of 

reaction  product.  The  results  are  presented  in  Figure  18.  One  of  the 

more  revealing  results  is  the  linear  decrease  in  pulse  power  obtained, 

which  would  tend  to  disqualify  this  mechanism  as  the  primary  cause  of 

the  logarithmic  multiplier  effect.  Figure  19  is  a  comparison  of  the 

results  from  all  of  the  mechanisms  tested. 

To  provide  a  check  on  the  accuracy  of  the  computer  program, 

was  estimated  from  the  efficiency  of  the  flashlamp  and  its  spectral 

24 

output  (Appendix  F) ;  the  value  calculated  was  1.6x10  photons/sec. 
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je^tg^Erata^^ei^B^iEmcssqi 


Trial  1 


Kinglet  quenching 


pump  Absorption  1  n  dye  +  3  n  R? 


lasing  radiation  absorption;  1/I0  at  shot  3000 


experimentally  observed  pulse  energies 


2000 

Shot  Number 


Figure  19 


Comparison  of  Results 
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The  val<e  required  to  set  the  Trial  1,  shot  1  pulse  energy  equal  to 

24 

250  mj  in  all  of  the  preceeding  computer  analyses  was  3.54x10 
(photons/sec).  This  agreement  should  verify  that  no  major  flaws  exist 
in  the  modeling. 


48 


V.  Discussion 

The  computer  program  that  was  developed  In  thla  study  haa  predicted 
output  energy  trends  consistent  with  the  known  characteristics  of  the 
KRS  laser  and  without  apparent  conflicts  quantitatively.  Ita  flexibility 
haa  been  demonstrated  by  the  ease  with  which  the  several  variables  could 
be  accomodated  and  singlet  quenching  by  the  reaction  products  could  be 
examined.  As  the  parameters  specific  to  KRS  are  more  accurately  deter¬ 
mined,  the  model  will  be  able  to  effectively  predict  the  relative  effi¬ 
ciencies  of  different  operating  regimes. 

The  results  frcm  the  preceding  section  show  that  none  of  the  pheno¬ 
mena  that  were  modeled  could  account  for  the  magnitude  of  the  multiplier 
effect  using  the  data  available.  The  most  effective  mechanism  was 
absorption  at  the  lasing  wavelength  by  the  reaction  products.  Although 
the  half-life  for  absorption  was  approximately  2650  shots  compared  to 
the  demonstrated  half-life  of  550  shots  and  was  based  on  the  most  favorable 
interpretation  of  the  absorption  spectra,  the  results  demonstrate  how 
minute  increases  in  absorption  by  the  dye  solution  can  cause  large  reduc¬ 
tion.'  in  the  output  energy.  Both  the  absorption  coefficient  corrections 
and  the  pump  efficiency  corrections  resulted  in  non-linear  decreases  in 
energy,  although  they  were  not  logarithmic.  In  comparison  with  the 
experimental  data,  the  theoretical  curves  for  these  two  phenomena  differed 
enough  from  the  experimental  to  indicate  that  another  mechanism  is 
responsible,  that  multiple  mechanisms  are  at  work  simultaneously ,  or 
that  the  theoretical  variable  values  derived  to  consider  the  lasing  and 
pump  absorption  are  inaccurate. 

One  of  the  more  valuable  insights  offered  by  this  analysis  is  the 
importance  of  the  wavelength  of  lasing.  The  parameters  <5g  and  <5^  are 
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both  functions  of  XT  and  may  vary  several  orders  of  magnitude  over  the 
excited  state  singlet  and  triplet  absorption  ranges.  If  triplet  absorp¬ 
tion  ia  significant  at  one  wavelength,  it  could  be  reduced  by  lasing  at 
a  wavelength  with  a  smaller  extinction  coefficient.  The  prime  considers 
tion  in  selecting  a  lasing  wavelength  would  be  the  absorption  band  of 
the  reaction  product,  if  this  band  overlaps  the  lasing  region  of  the  dye 
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VI.  Conclusions  and  Recommendations 


Cone lusions 

The  analytical  model  developed  to  represent  the  KRS  dye  laser  pro¬ 
vides  an  accurate  method  of  predicting  pulse  energy  decay  and  relative 
laser  performance  as  a  function  of  dominant  relaxation  mechsnlsms  and 
competitive  absorption  processes.  The  generality  incorporated  into  the 
model  enables  various  potential  reaction  product  effects  to  be  evaluated 
by  simple  modification  of  the  power  output  equation  and  Its  associated 
parameters. 

The  lack  of  precise  data  has  prevented  this  analysis  from  conclu¬ 
sively  identifying  the  primary  phenomena  responsible  for  the  multiplier 
effect. 

1.  The  most  effective  mechanism  of  those  examined  is  reaction 
product  absorption  at  the  lasing  wavelength. 

2.  Reaction  product  absorption  at  the  pump  wavelength  is  a  probable 
factor  but  is  very  unlikely  to  be  the  primary  cause. 

3.  An  increase  in  intersystem  crossing  to  the  triplet  manifold  due 
to  the  formation  of  reaction  products  would  not  produce  the 
logarithmic  decrease  in  energy  observed. 

4.  Mechanisms  other  than  pump  and  lasing  rsdlation  absorption  by 
the  reaction  products  are  likely  to  be  responsible  for  the 
effect. 

Recommendations 

The  following  recommendations  are  proposed  for  further  study: 

1.  Repeat  the  measurement  of  dye  degradation  and  the  corresponding 
pulse  energy  decay  using  KRS  in  a  tunable  dye  laser.  Perform 
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Che  experiment  at  several  lasing  wavelengths  within  the  630-670 
nm  region  to  determine  the  effect  that  operation  at  different 
wavelengths  has  on  the  efficiency  and  half-life  of  the  laser. 
Measure  the  absorption  coefficient  of  the  dye  solution  at  the 
specific  lasing  wavelength.  Accuracy  to  a  minimum  of  three 
decimal  places  is  essential.  One  possible  method  would  be  to 
measure  the  attenuation  of  a  laser  beam  tuned  to  with  a 
radiometer;  this  would  require  a  highly  stable  laser  beam  to 
insure  the  required  degree  of  accuracy.  Maximizing  the  distance 
traveled  by  the  beam  through  the  dye  solution  will  increase  the 
ratio  I/Iq  to  provide  greater  accuracy  in  calculating  the 
absorption  coefficient. 

Measure  the  threshold  pump  power  required  for  each  shot  in  a 
trial.  This  quantity  will  increase  if  the  reaction  product  is 
absorbing  the  pump  photons.  Any  increase  in  the  absorption 
coefficient  found  due  to  lasing  absorption  by  the  reaction  pro¬ 
duct  must  be  accounted  for  first  as  this  also  affects  the  thres¬ 
hold  pump  power. 

Run  several  trials  using  specific  triplet  quenching  agents  such 
as  cydooctatetraene.  If  the  multiplier  effect  still  occurs 
this  will  confirm  that  it  is  not  attributable  to  triplet 
absorption  or  the  loss  of  molecules  to  the  triplet  manifold. 
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presented  in  this  appendix  is  based  on  the  aeven-level  model  shown  in 
Figure  A-l.  These  rate  equations  inclui  j  an  original  one  that  describes 
the  S2  (E ?  level)  population,  and  terms  appropriate  to  the  S2  interactions 
depicted  in  Figure  A-1  have  been  added  to  the  six-level  rate  equations. 

The  aeven-level  equations  are 


4a  .  -  JL  + 

dt  tc 
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P1  +  P2  +  P3  +  P4  +  P5  +  P6  +  P?  “  1 

The  normalized  population  density  p  gives  the  probability  of  finding  a 
molecule  in  a  particular  level,  and  Eq  <A.9j  requires  that  it  can  eaiat 
only  in  one  of  the  levels  shown  in  the  model.  The  «y  coefficients  are 
the  spontaneous  radiation  and  radiationless  transition  rates  combined; 
q41  and  a;1  are  pumping  parameters.  The  remaining  terms  are  consistent 
with  the  notation  in  the  main  body  of  the  thesis.  The  numbering  of  the 
levels  is  consistent  with  the  siz-level  presentation  and  differs  from 
the  numbering  system  used  in  the  figures  in  Section  III. 
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Appendix  B 
Derivation  of  T^,  and 


Figure  B-l  represents  the  cavity  of  the  dye  laser.  The  gain  In 
Intensity  of  a  beam  of  photons  after  a  round  trip  through  the  cavity  is 

I(t  +  At)  -  RjRje2^  ‘  “)LI(t)  -  I(t)  +  AI(At)  (B.l) 

where 

* 

I(t  +  At)  ■  resultant  Intensity  after  a  round  trip 
At  ■  round-trip  duration 

“  cavity  mirror  reflectivities 
y  ■  laser  gain  coefficient 
a  ■  dye  absorption  coefficient 
L  ■  length  of  the  medium  traversed  by  the  beam 
I(t)  ■  original  Intensity  of  beam 
AI(At)  ■  change  In  Intensity  of  the  beam 


i 

< -  L  - 

- > 

1 
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4 

Figure  B-l 
Laser  Cavity  Diagram 
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Without  pumping,  the  gain  coefficient  y  vanishes  and  the  cavity  photons 
are  lost  at  the  rate 


dn 

dt 


cL 


t  +  -  1) 


[- 


Integrating  Eq  (B.7)  results  in  the  equation 


n(t) 


(B.7) 


(B.8) 


vhere  the  cavity  photon  lifetime  is 


cL 

l  +  -  1) 


1  -1 


(B.9) 


This  lifetime  characterizes  photon  losses  from  the  cavity  population  due 
to  cavity  parameters  such  as  the  mirror  transmissions  and  absorption  by 
the  medium.  This  can  be  stated  mathematically: 


=  -L  +  _L.  +  _L-  (B.10) 

C  Ta  XM1  TM2 


1 


where 


XQ  *'  cavity  ptioLou  li£eLiuie  due  to  absorption  losses 

T„,  “  cavity  photon  lifetime  due  to  mirror  1  transmission 

XM2  »  cavity  photon  lifetime  due  to  mirror  2  transmission 

Eq  (B.9)  can  be  factored  accordingly: 


x 

TC 


cL _ 

t  +  Lfcljj  -  1) 


(B.ll) 


Selecting  mirror  1  as  the  transmissive  frontal  mirror,  becomes  tm: 


(B.12) 


The  inverse  of  T  gives  the  rate  at  which  the  cavity  photons  enter  into 
the  output  beam  of  the  laser.  This  development  has  followed  the  derivation 
presented  by  Weichel  and  Pedrotti  (Ref  41:139-141). 
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Derivation  of  Values  for  IT,  T)' ,  and  a 
Pump  Absorption  Factor  II 

As  the  dye  degrades,  less  molecules  of  dye  are  available  to  absorb 
the  pump  radiation  and  lase.  To  account  for  the  dye  reduction  the  Beer- 
La  rah  ert  Law  is  used: 


-ecd 


e 


(C.l) 


where 

I  ■  intensity  of  a  beam  after  passing  through  an  absorbing  medium 
Iq  ■  original  intensity  of  the  beam 
E  •*  molar  extinction  coefficient  of  the  medium  at  the  wavelength 
of  the  beam 

c  ■  concentration  of  the  absorbing  medium 
d  ■  distance  traveled  through  the  medium  by  the  beam 
The  number  of  photons  transmitted  per  second  in  a  beam  of  light  is 
directly  proportional  to  the  intensity  of  the  beam.  Eq  (C.l)  can  then 
be  written 


(C.  2) 


where 

(P0  “  P)  “  number  of  pump  photons  transmitted  per  second  through 
the  medium 


p  ■  number  of  pump  photons  absorbed  per  second  by  the  medium 


Pq  ■  number  of  pump  photona  transmitted  per  second  In  the 


Incident  beam 

Cp  *  molar  extinction  coefficient  for  pump  absorption 
The  energy  output  of  the  laser  should  be  proportional  to  p;  the  output 
of  successive  ahots  can  then  be  adjusted  by  the  factor  II  to  account  for 
the  loss  of  dye  molecules: 

n  •  -f-  (c.3) 

pi 


In  thia  equation  is  the  number  of  photona  absorbed  per  second  by  shot 
1,  and  p  la  determined  for  each  subsequent  shot  according  to  the  concen¬ 
tration  of  dye  remaining  by  using  Eq  (C.4): 

P  ‘  P0[l  “  exp(  -  EpcDd  <C.4) 


In  thia  case  d  ia  the  diameter  of  the  dye  cavity  illuminated  by  the 
flashlamp,  and  is  0.6  cm  (Ref  25:16).  The  variable  II  can  now  be 
expressed  as 


1  -  e*p(-€pcDd) 

n  ■ - 

1  -  exp  (-epcD1d) 


(C.5) 


The  term  c^  is  the  concentration  of  the  dye  at  shot  number  1.  A  typical 

“16  2 

cross  section  for  pump  absorption  is  10  cm  ;  this  corresponds  to 
Ep  ■  2.60  x  10^  M  ^cm  *  (Ref  31:33-34).  Johnson  (Ref  16:70)  recorded  an 
initial  output  of  352  mj  at  10  ^  M  dye  and  510  mj  to  547  mj  at  5x10  ^  M 
dye.  Using  350  mj  and  530  mj  as  representative  values  at  these  concen¬ 
trations  and  considering  the  rate  of  the  p  values  for  these  shots  to  be 
equal  to  the  ratio  of  the  output  energies,  c  waa  calculated  to  be 


1.79x10^  M  *cm  The  values  for  H  that  were  used  in  the  computer 
analysis  of  lasing  without  competitive  absorption  by  the  reaction  pro¬ 
duct  are  listed  in  Table  C-I. 

Pump  Efficiencies  n  and  r\' 

The  number  of  molecules  of  reaction  product  (RP)  produced  from  one 
dye  molecule  and  the  capacity  of  the  reaction  product  to  absorb  the  pump 
energy  is  unknown,  although  Figure  12  indicates  that  pump  absorption  may 
exist  to  some  extent.  To  examine  competitive  absorption  by  the  reaction 
product  its  absorption  cross  section  was  considered  to  be  equal 

to  the  dye  absorption  cross  section  .  Since  one  mole  of  dye  pro¬ 

ducing  two  moles  of  reaction  product  with  0^^  ■  ^(pp)  is  equivalent 
to  one  mole  of  dye  producing  one  mole  of  reaction  product  with  ^^pp)  “ 
2°A(D)  *  will  still  be  useful  in  analyzing  the  possibi- 

Ht,  of  °A(D)  *  aMuy 

The  total  pump  efficiency  ri  is  a  product  of  several  factors;  the 
flashlamp  bandwidth,  pump  photon  loss  due  to  mechanisms  such  as  reflec¬ 
tion  and  scattering,  and  competitive  absorption  by  impurities  in  the 
medium.  All  but  the  latter  factor  can  be  considered  constants  that 

can  be  absorbed  into  the  term  W  ,  as  this  pump  parameter  is  arbitra- 

max 

rily  varied  to  equate  the  output  energy  computed  to  the  experimentally- 
determined  energy  of  the  first  shot  of  the  trial  being  examined.  This 
allows  ri  to  be  modified  to  express  only  the  probability  that  a  pump 
photon  will  be  absorbed  by  a  dye  molecule: 


n 


(C.6) 


In  addition  to  Introducing  n"»  II  muat  reflect  the  Increaae  In  the 


number  of  absorbing  moleculea  In  the  medium  aa  the  reaction  product 
replacea  the  dye.  Eq  (C.4)  can  be  modified  aa  follows: 

p  -  pQj  1  -  exp[-  ep(cD  +  CRp)d]  J  (C.7) 

The  expreaslon  for  II  than  becomes 


n 


1 


»  * 
-  exp[-  ep(cp  4-  c  )d 

!  -  e*p[-  cpcD1d 


(C.8) 


The  value  of  II  will  be  1.0  for  1  m  dye  -*■  1  m  RP;  for  the  formation  of 
multiple  molecules  of  reaction  product  per  dye  molecule  II  will  be  greater 
than  1.0.  The  values  of  n'  and  II  uaed  In  Trial  1  for  aeveral  ratloa  of 
reaction  product  formation  are  Hated  In  Table  C-II. 


Abaorptloit  Coefficient  a 

To  determine  the  magnitude  of  the  effect  that  reaction  product 
abaorption  at  the  lasing  wavelength  could  have  on  the  output  energy  of 
the  laser^  molar  extinction  coefficients  aji  X^  for  the  undegraded  dye 
and  the  reaction  product  were  calculated  aaaumlng  that  one  molecule  of 
dye  degraded  to  produce  one  molecule  of  absorbing  reaction  product.  The 
extinction  coefficients  were  determined  using  the  Beer-Lambert  Law  in 
Eq  (C.l) : 


I  -ecd 
*0 


(C.l) 


Eq  (C.l)  was  modified  to  consider  absorption  by  both  the  dye  and  the 
reaction  product: 
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i  -  exp  [-  (cDcD  +  G^c^d]  (C.9) 

vhe.'e 

tp  •  concentration  of  the  dye 
Cjy,  ■  concentration  of  the  reaction  product 
In  this  application  d  equals  0.1  cm  (Ref  25:22).  The  absorption  coef¬ 
ficient  for  a  specific  amount  of  dye  and  reaction  product  can  then  be 
obtained  directly  from  the  concentrations  and  the  respective  extinction 
coefficients: 

0  *  Vl>  *  e8PCRP  (C-10) 

For  shot  0,  Trial  1,  I/IQ  was  taken  to  be  0.999,  resulting  in  «  51.68 

M  *cm  1.  The  I/I^  value  used  for  shot  3000  was  0.995,  resulting  in 
3  -1  -1 

e^p  ■  1.077x10  M  cm  .  This  is  equivalent  to  a  cross  section  for  the 

-18  2 

reaction  product  of  1.79x10  cm  ,  which  is  two  orders  of  magnitude 
—16  2 

smaller  than  the  10  cm  values  for  the  ESSA  and  triplet  absorption 
cross  sections.  The  values  for  a  used  in  the  computer  analysis  that 
correspond  to  the  above  amount  of  transmittance  are  listed  in  Table 
C-III.  Table  C-IV  lists  the ‘absorption  coefficients  that  produce  pulse 
decay  comparable  to  the  observed  experimental  decay.  Table  C-V  tabu¬ 
lates  the  values  used  for  II,  tj,  and  a  that  produced  the  pulse  energies 
plotted  in  Figure  17. 
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Table  C-I 


Dye  Concentration  Corrections 


Trial 

Shot 

Number 

CD 

<xl0-4  M) 

n 

i 

1 

1.935 

1.0000 

500 

1.870 

0.9897 

1000 

1.805 

0,9786 

15C0 

1.740 

0.9667 

2000 

1.675 

0.9539 

2500 

1.610 

0.9402 

3000 

1.545 

0,9256 

2 

1.960 

1.0000 

500 

1.922 

0.9942 

1000 

1.884 

0.9882 

1500 

1.846 

0.9819 

2000 

1.808 

0.9754 

2500 

1.770 

0.9686  • 

3000 

1.732 

0.9615 

3 

1 

2.000 

1.0000 

500 

1.964 

0.9948 

1000 

1.928 

0.9894 

1500 

1.892 

0.9837 

2000 

1.856 

0.9779 

2500 

1.820 

0.9718 

3000 

1.784 

0.9655 

eA  =  1.79xl04  H-1cm~^ 

P 

d  ■  0.6  cm 


Table  C-I1I 


Absorption  Coefficients: 
1/Iq  at  shot  3000  «=  0.995 


Trial 

Shot 

CD 

gdcd 

CRP 

£RPCRP 

a 

Number 

(x10“4M) 

(cm-1) 

(x10“AM) 

(cnf1) 

(cm  1) 

1 

1 

1.935 

0.01 

0 

0 

U. 01000 

500 

1.870 

0.00966 

0.065 

0.00700 

0.01666 

1000 

1.805 

0.00933 

0.130 

0.01401 

0.02334 

1500 

1.740 

0.00899 

0.195 

0.02101 

0.03000 

2000 

1.675 

0.00866 

0.260 

0.02802 

0.03668 

2500 

1.610 

0.00832 

0.325 

0.03502 

0.04334 

3000 

1.545 

0.00798 

0.390 

0.04203 

0.05001 

2 

1 

1.960 

0.01013 

0 

0 

0.01013 

500 

1.922 

0.00993 

0.038 

0.00409 

0.01402 

3000 

1.884 

0.00974 

0.076 

0.00819 

0.01793 

1500 

1.846 

0.00954 

0.114 

0.01228 

0.02] 82 

2000 

1.808 

0.00934 

0.152 

0.01638 

0.32572 

2500 

1.770 

0.00915 

0.190 

0.02047 

0.02962 

3000 

1.732 

0.00895 

0.228 

0.02457 

0.03352 

3 

1 

2.000 

0.01034 

0 

0 

0.01034 

500 

1.964 

0.01015 

0.036 

0.00388 

0.01403 

1000 

1.928 

0.00996 

0.072 

0.00776 

0.01772 

1500 

1.892 

0.00978 

0.108 

0.01164 

0.02142 

2000 

1.856 

0.00959 

0.144 

0.01552 

0.02511 

2500 

1.820 

0.00941 

0.180 

0.01940 

0.02881 

3000 

1.784 

0.00922 

0.216 

0.02328 

0.03250 

£  ■  51.68  M  ^cm 

-1 

ERP  ” 

1.077xl03  M 

-1  -1 
cm 

d  - 

3.1  cm 
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Table  C-V 


Variable  Values  for  Plots  in  Figure  17 


Trial 

Shot 

Number 

°Li 

(cm  i) 

n 

n 

1 

1 

0.01000 

1.0000 

1.0000 

500 

0.02500 

1.0186 

0.9056 

1000 

0.04001 

1.0349 

0.8223 

en  -  51.68 

1500 

0.05501 

1.0490 

0.7484 

2000 

0.07002 

1.0612 

0.6823 

«  0.236xl04  M”1cm~1 

2500 

0.08502 

1.0719 

0.622G 

3000 

0.10002 

1.0812 

0.5691 

1 

1 

0.01000 

1.0000 

1.0000 

500 

0.09169 

1.0186 

0.9056 

—  1  —1 

1000 

0.17339 

1.0349 

0.8223 

-  51.68  M  cm  1 

1500 

0.25508 

1.0490 

0.7484 

D 

0.33678 

1.0612 

0.6823 

-  1.262xl04  M^cm"1 

2500 

0.41847 

1.0719 

0.6228 

Rr 

3000 

0.50016 

1.0812 

0.5691 

1 

1 

0.01000 

1.0000 

1.0000 

500 

0.17502 

1.0186 

0.9056 

-l  -l 

1000 

0.34005 

1.0349 

0.8223 

tn  -  51.68  M  cm 

1500 

0.50507 

1.0490 

0.7484 

2000 

0.67010 

1.0612 

0.6823 

e__  =  2.544xl04  M-1cm-1 

2500 

0.83512 

1.0719 

0.6228 

Kr 

3000 

1.00014 

1.0812 

0.5691 

Appendix  D 


Computer  Programs  for  Computing  Pulae  Energies 

Two  computer  programs  are  used  in  the  analysis.  Program  1  is  used 
with  the  variables  II,  h",  and  a.  Program  2  considers  n'  and  a  constant 
and  maintains  II  as  a  variable.  This  program  requires  the  concentration 
of  the  reaction  product  to  be  input  for  each  shot  and  ia  designed  to 
calculate  output  energy  for  various  rates  of  singlet  quenching  by  the 
reaction  product.  A  provision  for  triplet  quenching  in  addition  to  the 
singlet  quenching  has  been  included.  For  the  analysis  results  given  in 
Section  IV  triplet  quenching  by  the  reaction  product  was  negated  by 
aetting  the  triplet  quenching  rate  constant  "  0* 

Three  constants  (Cl,  C2,  and  C3)  must  be  input  as  data.  These  are 
specific  to  the  laser  geometry  and  are  the  same  for  both  programs: 

C1  "  hVL  [iTT  2L(nD  -  1)]  ln  (fjj  <D,1) 


C2 


_ cL _ 

l  +  LCt^  -  1) 


(D.2) 


(D.3) 


The  parameters  and  variables  correspond  as  follows: 

N  ■  number  of  intervals  desired  to  divide  the  pulse  into 
for  the  purpose  of  the  trapezoidal  approximation 


WMAX  -  W 


max 


TAUFR  -  Tp(R) 

TAUPR  =  TP(R> 
DELS  -  6g 
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,  v  wmmm 


DELT  -  <$_ 

T 

KS1S0  -  k.  - 

ro 

KS1T1  -  kc  T 

Vl 

KT1S0  -  k_  c 
T1S0 

QS-QS 

qt  -  df 

-  kQS 
KQT  - 

ABS  -  a 

PCTG  -  n 

ETA  »  n“ 

KQSRP  -  kQS(Rp) 

KQTRP  -  ^(Rp) 

RP  ■  concentration  of  reaction  product  (M) 

Data  Input  (Program  1) 

CARD  1:  N,  Cl,  C2,  C3,  WMAX 

Note:  WMAX  is  selected  to  adjust  the  shot  1  energy  to  the 
desired  value . 

CARD  2:  TAUFR ,  TAUPR,  DELS,  DELT,  KS1S0,  KS1T1,  KT1S0 

The  first  two  cards  above  establish  the  parameter  values  used  in 
the  computer  analysis.  Sets  of  carda  must  be  assembled  for  the 
specific  shots  of  each  trial  aa  follows: 

CARD  A:  TRIAL,  NR 

Use  any  convenient  tag  number  to  designate  each  trial; 
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use  a  negative  number  If  a  plot  Is  not  dealred.  NR  Is 
the  number  of  shot  data  cards  submitted  In  the  trial 


(excluding  the  final  dummy  card) . 

CARD  B:  QS,  QT,  KQS,  KQT 

Input  the  parameter  values  applicable  to  the  trial;  this 
card  Inputs  data  for  singlet  and  triplet  quenching  such 
as  when  oxygen  is  in  solution. 

CARD  C  -*■  ?:  SHOTNR ,  ABS,  PCTG,  ETA 

One  card  will  be  submitted  for  each  shot  examined  during 
the  trial.  These  cards  input  the  variable  values  for  each 
shot.  The  card  following  the  last  shot  card  la  a  dummy 
card  with  a  negative  ABS  value  (I  use  9999,-1,9999 ,9999) . 

If  additional  triala  are  to  be  analyzed,  begin  each  new  set  with 
Cards  A  and  B  (applicable  to  the  conditions  In  the  new  trial)  and 
be  sure  to  end  each  set  with  the  dummy  data  card.  After  the  final 
data  card  in  the  last  trial  (this  will  be  the  dummy  card)  the  final 
card  in  the  data  stack  will  be  0,0  (see  the  comment  on  line  28  of 
the  program  readout) . 

The  computer  printout  will  be  self-explanatory. 
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PROGRAM  1 


1 


5 


II 


IS 


II 


» 


II 


ss 


HI 


45 


51 


SS 


IV 


IS 


PROGRAM  LASER  (INPUT,  OUTPUT) 

REAL  LN2, KO$, <QT , KS1S3, KSiTl , KTlST  » <2 »<T  »KST,NFNOT 
INTEGER  SHOTnR 

dimension  Ttira»,Pti3C5C».N«:i<OTa,nr>  > 

DIMENSION  "{  2  »  ,  SHOT  (20)  , W°TH(2*)  ,  AD ( 21)  ,»CT  (2* )  »TA'JC  (23)  ,<1?E  (21) 
REAO* ,N,C1,:2,CT,KMAX 

C  KM  AX  IS  SELECTED  TO  EQUATE  T  HE'  SHOT  1  ECERCY  TO  EXPERIMENTAL  VALUES 
REAO*»T*UP:<tTA,JPR»OELSiOSLTi<SlSP|KS5Tl,KTlSC 
C  THESE  parameters  ARE  COASIOERE3  TO  RE  CONSTANTS 
PRINT*,” 

PRINT  *,”  "  ..  .  . 

PRINT*, “  “  '* 

PRINT*,” 

PRINT *,*•  VARIABLE  H/SHOTNRt  A9S,  ETA,  PCT6* 

PRINT*, “ASS'J^’TION*  KT*TAUPR»1“ 

PRINT*, “NEGATIVE  TRIAL  NOS  MILL  MOT  3E  GRAPNEO" 

PRINT-,”  “ 

PRINT*,” 

PRINT*, “UMAX  *  “ , MHAX 

PRINT*, “DELS  *  “ , OELS ,“  OELT  »  ”, OFLT 

PRINT*, "KS13S  -  ",KSlSC,”  K31T1  *  ",KS1T1 

PRINT*, “KTlSi  a  ",  KT ISO 

PRINT*,-  - 

PPINT*,"  “ 

.  PRINT*, “  ” 

A  READ* , TRIAL, NR 

3  IP  A  PLOT  IS  NOT  REOUIREO  USE  A  NEGATIVE  TRIAL  NUH9EP 
C  THE  FINAL  OATA  CARD  SHOLLO  SEA  0,0  (SEE  NEXT  COMMAND) 

IF  (TRIAL. EO.I.)  GO  TO  S 
READ' ,OS,QT,XDS,<CT 

C  KOS  ANO  KOT  HILL  DEPENO  UPON  THE  SPECIFIC  QUENCHING  AGENT 
K2*RCS*OS*<Si Tl*XSlS0 
KST«K9S*0S*<SLT1 
ICT*KQT*0T+KT1S3 
TAUF«1/(1/TAUFR*K2) 

TAUP=1/(1/TAU?R»KT) 

PHI«TAUF/TAUFR 

ASSUHPsXT-TAU’P. 

PRINT  *,“) RIAL  NO  *  ”, TRIAL 
PRINT*, “RVTVJPR  •  ”, ASSUMP 

3  TNE  *OOVE  PRINTOUT  HILt  CONFIRM  THE  VALIDITY  OF  THE  ASSUMPTION,  LINE  15 
PRINT*, -EINIlET  QUENCHING  FATE  COVS'INT  (KOS)  *  “,KOS 
PRINT*, “TRIPLET  QUENCHING  R4TE  CONSTANT  (*OT>  *  ”,<OT 
PRINT*,"  SINHET  OUENCHER  CCNCENTTATTON  (OS)  *  ”,OS 
PRINT*, "TRIPLET  QUENCHER  CONCENTRtTI JN  (OT)  *  ”,OT 
PRINT*,"  “ 

PRINT*,”  “  ... 

PRINT*,”  ”  ..... 

PRINT*,”  "  . 

PRINT*, “K2  *  “,K2 
PRINT*, "KST  =  ",  KST 
PRINT  *»"KT  =  ", KT 

PRINT*  ♦''FLUORESCENCE  LIFETIME  (TAyF)  =  ",TAUF 
PRINT*,  PHOSPHORESCENCE  LIFETIME  (TAjo>  s  “,TAUP 
PRINT  •  , "QUANTUM  FLUCRCSCt  ICE  (PHI)  s  ",  PHI 
5  THE  AMOVE  VALUES  INDICATE  WHETHER  TNE  PARAMETER  VALUES  ABE  REASONABLE 
PRINT*, “ 

PRINT*,” 

PRINT*,” 

C4  *(OELS*OE'.T»KT-OELT*KT-KST*  DELS)/ (DELS* OELT*KT) 

LM2*ALOG<  2.) 

ICASE=C 

2  REAO* ,SHOTN2,A9S»°CTG,ETA 
IP  CARS.LT.fi. ICO  TO  10 

C  PLACE  OUMNY  OATA  CANO  WITN  NEGATIVE  APS  AT  END  OF  TNC  TRIALS  DATA  CAROS 
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~  j.  >~W 


n 


n 


•e 


•5 


91 


99 


1M 


119 


XCAS£«TCASS*1 
SHOT  t ICA3E>  *3HO?HR 
ACtICASE>  =AAS 
pCTcic«si)=3:rc 

OPEtlCASEdET* 

TA0C(IC»SEI«'U(C?*(*DS*C3>J 

VPTHt  KASE)  *1./ETA/FhI/TAUC(ICASE>/CA 

cucase>*:. 

ot*$e-7/(n-d 

C  THE  rOLLCH 1NG  LOOP  COMPLIES  THE  EHERJY  1H  THE  PULSE 
00  1I«1,N 

T  TI>*-2«3  E-f ♦ (I-ll *0T 
VP*H.1AX»£XP»-ln2*  (T(I)»»2>/  <5E-’,'*?n 
HPH0T(I)sH!»'TAUC(ICASE1»£TA*C4»p:T6 
PCU  *  C1*NPH0T(I> 

F»i, 

IP  (I •SO.l.OR.I . EO.N) F«3»S 
C(ICASE>*ECICASE> ♦  P’PcmOT 
1*  CO  HT I  HUE 

PRIST*, "FOR  SHOT  HO  ",SHOTMR,~  EHfRSV  «  ",£<ICASfJ 


PRIHT*, " 
PRIHT*," 

THRESU9L0  o-JPP  POSER  (WPTH>  *  ",W»TH(ICAS£> 
PHOTOS  CAVITY  LIFETIME  CTAuCJ  «  ",TAUCtICASE» 

PRTHT*," 

m 

* 

CO  TO  2 

19  PRIHT*," 

m 

• .  . 

PRIHT *," 

m 

*  , 

PRIHT*," 

m 

C  THIS  LOOP  POINT’S  OUT  THE  VARIABLE  VA.UES  USEO  IH  THE  TRIAL 
00  JICAS?=1,NR 

MINT*, "SHOT  ",  SHOT  (iCASt)  ,"  A9S  ", ACTICASEJ »CTS  ",PCT(ICASE>, 
0-  ETA  ", OPE(ICASE) 

3  COHTI HUE 

PRIHT*,"  “  ..... 

PRIH"*," 

PRIHT*," 

IP  (TRIAL.LT.1.1  GO  TO  A 

C  THE  AROVE  STATEMENT  ALLOWS  BYPaSSIHG  THE  PLOT  SEOUEMCE 
CALL  0RAHZ(SH0T,£,WFTH,P,T,-Z,1,HF»'J,-1> 

PRIHT*," 

PRIHT*," 

PRIST* »" 

CO  TO  A 

9  STOP  ... 

ENO 


m 


—  * 


PROGRAM  2 


1 


9 


II 


IS 


Cl 


15 


II 


» 


R« 


w 


SI 


99 


99 


"ASSUMPTION)  KT*TAT/:>R»1- 

"NEGATIVE  TRIAL  NOS  «LL  NOT  BE  CRAPNEO" 


PROGRAM  LASER  (INPUT,  OUTPUT) 

REAL  LN2, KQJf<OT,KSlSO,KSlTi,KTi»r,<Z,KT,KST,NPHOT,lcnSRP,KQTRP 
INTEGER  SHOT SR 

dimension  t(iido) ,PCio:cs»,NPHa»(ii jo* 

OIMENSION  E (21) »  SHOT ( 21 )  ,  W°TH(21)*P0T(2(i),RPC(21) 

REAO* ,N,Cl,t2,CJ,HHAX 

C  UMAX  IS  SELECTS  TO  EQUATE  THE  SHOT  t  ENERGY  TO  EXPERT HENTAL  VALUES 
REAO*  ,TAUFR,TAUPR,OELS,OtU,<SlSS,<3iTi,KT  1ST »  A9f ,  ETA 
C  THE  A«OV£  PARAMETERS  AkE  CONSIOEREO  TO  RE  COASTANTS  .  , 

TAU0*1/(C2*(ARS*C3)) 

PRINT* 

PRINT* 

PRINT* 

PRINT* 

PRINT* 

PRTN** 

PRINT* 

PRINT* 

PRINT* 

PRIN7* 

PRINT* 

'  PRINT* 

PRINT* 

•PRINT* 

PRINT- 
PRINT* 

A  REAO*, TRIAL, NR  .  .. 

C  1M  PLOT  IS  NOT  REOUIPEO  USE  »  NEGATIVE  TRIAL  NUMBER 
C  THE  FINAL  OATA  CAO  SKOULO  9E«  0,0  (SEE  NEXT  COMHANO) 

IF  (TRIAL, £0.1.)  GO  TO  5 
REAO*  , OS, CT,<1S»  OT »KOSRP»OTRP 
PRINT* , "TRIAL  NO  *  ", TRIAL 

."SINSLET  QUENCHING  RATE  C3WSTANT  (<OS)  *  ",KOS 
, “TRIPLET  QUENCHING  RATE  CONSTANT  (<OT>  s  “,OT 
,~RATE  CONSTANT  FOR  SINGlET  QUENCHING  ?Y  RP  *  ",KQSRP 
i "F AT l  CONSTANT  FOR  TRIPLET  QUENCHING  PY  RP  *  ", KQTRP 
."SINClET  QUENCHER  CONCENTRATION  (OS)  =  “,9S 


"WMAX  »  ", WMAX 
"AES  »  ",  A  9S,"  ETA  *  * 

"CELS  »  ",0ELS,“  OELT 

" , KS1SC , “  K51TI  «  ", KStT 1 
“.tCTiSO 


"KS15C 

"ST1S0 


»en 

«  “(Car 


PRINT* 
PRINT* 
PRINT- 
PRINT* 
PRINT* 
PRiNT* 
PRINT* 
PRINT* 
PRINT* 
PRINT* 
LN2*ALOG(2,) 


"TRIPLET  QUENCHER  CONCENTRATION  (OTI  *  ",  OT 


I  CASE-0  .  * 

C  REAO* ,SuOTNR,°CTG,RP 

IF  (SHOTNR.LT. D.)GO  TO  10 

C  PLACE  dummy  OATA  :aro  WITH  NEGATIVE  JHOTNR  AT  ENO  OF  THE  TRIALS  OATA  CAROS 


K2»KOS*OS**S1T1*KS1SO*KQSRP»RP 
KST=KQS*OS*<S1T1  +  OSRP*RP 
KT=KOT*OT*«ai30 

CA=(OELS*OcLT*KT~OELT*XT-XST*OELS)/(3ELS,?CLT*RT) 
TAUPs l/(i/T6U3R*KT) 

TAUF=1/(1/TAUFR*K2) 

PHI*T  AUF/TA JFR 

ICASE =1CAS£*1  . 

SNOT(ICASE)*SHOTNR 
R9C(ICASE)=RP 
PCT(ICASE) =PCTG 

HPTH(ICASE)sl./ETA/PHI/TAUC»C<> 

E(ICASE)=0. 

OT  *SE“7/(N-t> 

C  THE  FOLLOWING  LOOP  COMPUTES  THE  ENERJY  IN  TNE  PULSE 
00  1T*1,N 

T(I)--2.PE-M(I-1J*0T 


79 


15 


?5 


II 


15 


55 


55 


i«e 


HP»WNAX*EXP<-LNZ» <T(I)**Z)  /<SE-***Z» 

N“NOT  «I)sHP,T4l>C*ET**C<i*PCTS 
P(I)  *  C1*NPH5T(I> 

Ml. 

IF  (I.SO.i.OR.I.EC.NJF.0.5 
EtICASE) *E(ISASE>»F*P(I)  *ot 
1  CONTINUE 

PRINT  '|“FM  SNOT  NO  -.SNOTNR,”  EWERGf  «  ",ECICASf> 

PRINT*.*  TNRESHOLO  PJI*P  POWER  (WPTHJ  «  ",N*TN(ICASE» 

PRINT*, “KZ  ■ 

PRINT*, “NST  «  **, KST 

PRINT*, “XT  *  ~»KT 

PRINT  *,”KT*TA'JPR  *  ",  ASSUMP 

C  THE  AROVE  PRI NTO'JT  WILL  CONFIRM  the  V»L13I?Y  OF  THE  ISSUNPTION 
PRINT*, -FLUORESCENCE  LIFETIME  (T1-JF1  «  *,UUF 
PRINT*  .“PHOSPHORESCENCE  LIFETIME  (TAU®)  ■  “, TMP 
PRINT  *,-f>UMTJN  FLUORESCENCE  (PRO  «  ",PNI 
PRINT*,*  “ 

PRINT*,*  - 
PRINT*, - 

60  TO  Z  .I  ’  . 

19  PRINT*, - 

PRINT*,-  - 

PRINT*, - 

C  THIS  LOOP  PRINTS  OUT  TNE  VARIABLE  VA.UES  USEO  IN  TNE  TRIAL 
00  3ICASE*1,NR 

PRINT*, “SHOT  “,  SNOT  I ICASE) ,"  PCTI  -,»CMi;ASE>  ,“  RP  -,RPC(IC»$E> 
3  CONTINUE 

PRINT*,-  " 

PRINT*,- 

PRINT*,-  "  .  •  . 

IF  (TRIAL.LT. a.)  GO  TO  A 

C  TNE  ABOVE  STAT£H£4T  ALLOWS  BYPASSING  TN?  plot  SEOUENCE 
CALL  0RAHZ(SH1T,E,WPTN,P,T,-Z,1,NR,1,-1» 

print*,-  -  ...  :  r* 

PRINT*,- 

PRINT*,"  -'  "  . . . - . . . 

60  TO  A  ....  ....  .  . . . .  .  ..  _ ' 

5  STOP 
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Appendix  E 


e  Degradation  and  Pulse  Decay  Data 


The  following  graphs  have  been  reproduced  from  Figures  13-lb 


Shot  Number 


Figure  E-l 


Dye  Concentration  Versus  Shot  Number 


for  Trial 


T 


•  JOOO  1000  3000 

Shot  Number 

Figure  E-3 

Dye  Concentration  Versus  Shot  Number 


for  Trial  2 


Figure  E-4 

Laser  Energy  Versus  Shot  Number 


for  Trial  2 


Estimation  of  W _ 

_  max 

The  flashlamp  in  the  dye  laser  used  to  obtain  the  degradation  data 
produced  a  spectrum  comparable  to  a  25,000-degree  Kelvin  (°K)  blackbody. 
The  voltage  (V)  across  the  capacitor  bank  immediately  before  the  laser 
was  pulsed  was  18  kilovolts  (Ref  25:16,  21).  The  capacitance  (C)  was 
0.329  microfarads  (Ref  26:12).  The  total  energy  expended  by  the  capa¬ 
citor  (E^)  into  the  flashlsmp  was  then 

et  -  I  cv2  -  Y(°-329xl0~6f)(18xl()3v)  "  53*3  i°uies  (F.l) 

The  efficiency  of  the  flashlamp  is  assumed  to  be  20%  (Ref  26:13);  this 
puts  the  energy  output  of  one  flashlamp  pulse  at  10.7  joules.  Figure  14 
shows  the  visible  spectrum  for  the  dye  solution.  The  460-600  nra  peak 
corresponds  to  the  fundamental  transition  absorption.  The  part 

of  the  total  energy  in  the  pulse  that  is  within  this  band  can  be  deter¬ 
mined  using  blackbody  radiation  tables  (Ref  24:229-230).  By  interpolating 
the  figures  given  for  24,000°K  and  26,000°K  blackbodies,  we  find  that 
0.03  or  3%  of  the  total  energy  of  the  pulse  lies  within  this  band.  As 
indicated  by  the  spectrum,  not  all  of  this  energy  will  actually  be 
absorbed  by  the  dye  solution,  but  additional  energy  from  the  pulse  will 
be  absorbed  in  overtone  transitions.  Considering  the  gain  from  the  over¬ 
tone  bands  to  offset  the  losses  in  the  fundamental  band,  the  energy 
absorbed  by  the  medium  is  (10.7  j)(0.03)  ■  0.32  joules.  For  the  Gaussian 
distribution  pumping  function,  we  can  estimate  W  by  solving  the 
integral  equation 


87 


^  WMX  exp  In  2  (t2/T2)J  dt  -  0.32  jouler 


(F.2) 


Eq  (F.2)  can  alternately  be  expressed  by  Eq  (F.3): 


0.32  joules 


max  /T 


L"p  [■ 


In  2  (t2/T2)  dt 


(F.3) 


To  determine  this  integral  the  following  approximation  is  made: 


^exp^-  In  2  (t2/T2)  j  dt  =  jQexp["  ln  2  dt  (F.4) 


The  average  duration  of  the  flashlamp  pulse  was  500  nanoseconds  (Ref 

-9 

25:16).  Setting  T  -  250x10  sec,  we  can  now  solve  Eq  (F.3)  using 

definite  intergrsl  tables  (Ref  7:426)  to  get  W  ■  6xl05  joules/sec. 

max 

Selecting  540  nm  as  the  average  pump  photon  wavelength,  W  can  be 
expressed  in  photons/sec: 


w  -  <«xioVsec> — . . - 

(3x10  cm/sec) (6.63x10  j/sec) 


*  1.6x10  photons /sec  (F.5) 
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